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which  include  respectively,  measurements  and  data  reduction,  and  compre- 
hensive reporting.  ...  , . 

The  theory  of  specular  and  diffuse  reflections  is  discussed  in 

considerable  detail,  including  the  most  recent  m°djif;.cationsnwhtlch. tde^rpr 
quantitatively  with  the  interaction  of  specular  and  diffuse  reflectivity  o e 
?he  glistening  surface.  A computer  simulation  based  on  the  advanced  theory] 
is  described.  The  simulation  models  one  way  reflectivity  measurements  t 
and  low  angle  radar  tracking  in  elevation.  Typical  results  are  presented. 

The  experimental  measurements  to  be  performed  have  been  con- 
sidered in  detail.  To  obtain  adequate  resolution  of  diffuse  reflectivity 
measurements  a low  sited  wide  bandwidth  receiver  is  to  be  used,  sensing 
signals  from  a narrow  pulse  transmitter  (1  nanosecond)  supported  aloft 
by  a balloon,  kite  or  helicopter.  The  narrow  pulse  provides  the  principal 
resolution  over  the  glistening  surface  for  obtaining  the  distribution  of 
diffuse  reflectivity.  For  regions  near  the  receiver,  additional  resolution 
is  provided  by  the  receiving  antenna,  which  will  have  a beamwidth  of  0.  5 
degrees.  Measurements  are  planned  at  a frequency  of  16  GHz. 

Independent  measurements  of  the  terrain  and  ocean  surfaces  t 
be  studied  will  be  made  by  aerial  photography.  For  land  areas  accurate  con 
tour  maps  will  be  produced  from  the  data.  For  ocean  regions  the  Stilwell 
process  will  be  employed  to  provide  ocean  spectra  data.  These  data  wi 
used  in  conjuction  with  the  computer  simulation  to  assist  in  interpretation 
of  the  diffuse  multipath  measurements 
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REPORT  SUMMARY 


Reported  is  Phase  I of  a research  task  to  refine  the  classical  multipath 
theory.  The  study  completed  has  culminated  in  the  design  of  a measurement 
program  which  can  obtain  data  on  terrain  and  sea  reflection  phenomena.  i he 
processed  data  can  be  used  to  quantify  existing  theory  to  assist  in  impro\  mg 
the  performance  of  tracking  radars  operating  at  low  elevation  angles. 

The  measurement  program  may  be  carried  out  in  Phases  II  and  III 
which  include  respectively,  measurements  and  data  reduction,  and  compre- 
hensive reporting. 

The  theory  of  specular  and  diffuse  reflections  is  discussed  in  consid- 
erable detail,  including  the  most  recent  modifications  which  deal  quantitatively 
with  the  interaction  of  specular  and  diffuse  reflection  and  which  also  describe 
the  distribution  of  diffuse  reflectivity  over  the  glistening  surface.  A computer 
simulation  based  on  the  advanced  theory  is  described,  and  typical  results 
presented. 

The  experimental  measurements  to  be  performed  have  been  considered 
in  detail.  To  obtain  adequate  resolution  of  diffuse  reflectivity  measurements 
a low  sited  wide  bandwidth  receiver  is  to  be  used,  sensing  signals  from  a 
narrow  pulse  transmitter  (1  nanosecond)  supported  aloft  by  a balloon,  kite  or  heli- 
copter. The  narrow  pulse  provides  the  principal  resolution  over  the  glistening 
surface  fcr  obtaining  the  distribution  of  diffuse  reflectivity.  For  regions  near 
the  receiver,  additional  resolution  is  provided  by  the  receiving  antenna,  which 
will  have  a beamwidth  of  0.  5 degrees.  Measurements  are  planned  at  a fre- 
quency of  1 6 GHz. 

Independent  measurements  of  the  terrain  and  ocean  surfaces  to  be  studied 
will  be  made  by  aerial  photography.  For  land  areas  accurate  contour  maps 
will  be  produced  from  the  data.  For  ocean  regions  the  Stilwell  process  will 
be  employed  to  provide  ocean  spectra  data.  These  data  will  be  used  in  con- 
junction with  the  computer  simulation  to  assist  in  interpretation  of  the  diffuse 
multipath  measurements. 

Measurements  and  Data  Reduction  (Phase  II)are  planned  for  an  18 
month  period  and  Comprehensive  Reporting  (Phase  III)  for  the  subsequent 
six  months.  The  results  of  the  total  effort  will  be  published  as  a handbook 
cf  surface  reflectivity  information. 
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Direct  power  from  the  source  (equation  2.  3.  15) 

Peak  transmitter  power 

Total  mean  scattered  power  received  from  the  glistening 
surface  (equation  2.3.  11) 

4/3  times  geometric  earth  radius 

Magnitude  of  the  Fresnel  reflection  coefficient  (equation  2.3.7) 

Transmitter  distance  from  patch  as  defined  in  theory  sections 
(Figure  3) 

Receiver  distance  from  patch  as  defined  in  theory  sections 
(Figure  3) 

Transmitter- receiver  direct  path  separation  as  defined  in 
theory  sections  (Figure  3) 

Transmitter- receiver  direct  path  separation  as  defined  in 
measurements  sections  (Figure  13) 

Receiver  distance  from  patch  as  defined  in  measurements 
sections  (Figure  13) 

Transmitter  distance  from  patch  as  defined  in  measurements 
sections  (Figure  13) 
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LIST  OF  SYMBOLS  (cont.  ) 


Distance  from  receiver  to  intersection  point  on  resolution 
contour 


Surface  patch  geometry  radius  vector  (Figure  6) 
Surface  element  of  incremental  area  ft 


Standard  deviation  of  the  real  part  of  the  reflected  field 
distribution 


Standard  deviation  of  the  imaginary  part  of  the  reflected  field 
distribution 


Standard  receiver  reference  temperature  (290°K) 

Random  numbers  chosen  from  a normal  distribution  used 


in  calculating  the  random  vector  field,  (equation  2.  3.27) 


Total  phase  shift  between  direct  and  indirect  path  signals 


Angle  between  local  rough  earth  normal  and  local  smooth 
earth  normal 


rms  slope  of  surface  irregularitSes  if  Gaussian  distribution 
of  surface  slopes  is  assumed,  (equation  2.2.8) 

Maximum  slope  of  surface  irregularities  if  uniform  distribu- 
tion of  surface  slopes  is  assumed. 


Depression  angle  of  receiving  antenna  beam  axis 

Area  of  a rectangular  surface  patch  (equation  2.3.4) 


Path  difference  between  reflected  and  direct  signal 


transmissions  (R^  + R^  - R^) 


Incremental  area  of  a surface  element  S 

Normalized  mean  square  scattered  field  (equation  2.  3.  13) 
Complex  dielectric  constant  of  terrain  (equation  2.  3.  7) 


Height  of  normally  distributed  surface  (rough  in  two 
dimensions ) 


Receiver  antenna  aperture  efficiency 
Receiving  antenna  half  beamwidth 


Elevation  angle  between  the  receiver  antenna  and  the  image 
source  as  viewed  from  the  receiver  and  measured  with 
respect  to  the  local  horizontal  at  the  receiver  antenna 
(Figure  3) 
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Out  of  incident  plane  reflection  angle  19 

Wavelength  10 

rms  specular  scattering  factor  for  a pc  ectly  conducting  round 
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rms  diffuse  scattering  factor  15 
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Pulse  width  54 

Time  delay  measured  with  respect  to  the  direct  path  39 
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Phase  of  the  Fresnel  reflection  coefficient  (equation  2.3.38)  10,  28 


FINAL  TECHNICAL  REPORT 
MULTIPATH  MEASUREMENTS 


SECTION  1.  INTRODUCTION 
I.  1 Total  Program  Objectives 

The  studies  reported  represent  Phase  I of  a research  task  to  refine  the 
classical  multipath  theory.  Central  to  the  activity  is  a measurements  program 
to  obtain  data  on  terrain  and  sea  reflection  phenomena.  These  data  will  be  used 
to  quantify  existing  theory  and  provide  a means  for  accurately  predicting  and  im- 
proving performance  of  tracking  radars  at  low  elevation  angles. 

Three  phases  were  initially  planned  as  follows: 

• Phase  I - Measurements  Program  Design 

• Phase  II  - Measurements  Program 

• Phase  III  - Data  Reduction  and  Reporting 

Phase  I has  been  performed  to  define  requirements  for  the  multipath 
measurements  and  recommend  the  best  design  configuration  for  the  experiment. 

As  a result  of  this  planning  effort,  it  has  become  evident  that  Phases  II  and  III 
should  be  redefined  to  insure  a closer  relation  between  measurement  activity  and 
data  reduction.  Hence,  objectives  for  each  are  now  the  following: 

• Phase  II  - Measurements  and  Data  Reduction 

• Phase  III  - Comprehensive  Reporting 

Phase  II  will  involve  developing  the  configuration  and  techniques  designed 
in  Phase  I so  that  measurements  may  be  taken  at  a variety  of  sites  at  different 
times  of  the  year.  Alternate  or  overlapping  measurement  and  data  reduction 
efforts,  gradually  building  in  complexity,  will  be  performed  over  land  and  sea  areas. 

Phase  III  will  begin  once  a significant  body  of  reduced  data  has  been  accumu- 
lated for  a comprehensive  collection  of  sites.  The  reduced  data  will  be  correlated 
and  compared  w'ith  existing  information  from  other  sources,  and  a handbook  of 
surface  reflectivity  information  will  be  published  for  future  use  in  multipath  and 
other  studies. 
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1 . 2 Phase  I Objectives 

The  objectives  of  the  current  phase  have  been  to  develop  a comprehensive 
computer  model,  to  define  the  measurement  concept  to  be  used  in  Phase  II,  and 
to  develop  specifications  and  plans  for  implementing  the  measurements  and 
associated  data  analyses. 

The  multipath  computer  model  s based  upon  the  theory  discussed  below 
in  Section  2,  and  the  simulation  itself  is  described  in  detail  in  Section  4.  The 
model  can  simulate  the  measurement  experiment  quite  accurately,  including  the 
effects  of  specific  terrain/ocean  characteristics.  In  addition,  it  can  operate  in 
a radar  tracking  mode. 

Development  of  the  measurement  concept  has  been  guided  by  the  principle 
that  complexity  should  be  avoided  in  favor  of  obtaining ' repeatable  reliable  data. 
Thus,  fundamental  one-way  reflected  power  measurements  are  to  be  made  and 
involved  applications  such  as  closed  loop  radar  tracking  in  the  presence  of  multi- 
path  are  to  be  avoided.  Sites  chosen  for  initial  measurement  activities  are  like- 
wise to  be  uncomplicated,  e.  g.  flat  or  gently  rolling  terrain  or  ocean  at  moderate 
sea  states.  Measurement  of  more  complicated  surfaces  will  be  deferred  until  the 
initial  information  is  processed  and  understood.  The  concept  selected  is  sum- 
marized in  the  following  subsection  and  is  described  in  detail  in  Section  3. 

The  specifications  and  plans  comprise  an  Equipment  Specification,  an 
Equipment  Implementation  Plan,  a Measurements  Plan,  and  a Data  Analysis  Plan. 
They  will  be  submitted  separately  as  part  of  a proposal  for  the  Phase  II  effort,  al- 
though the  basic  material  is  to  be  found  in  this  report  (see  Section  3.  0). 

1 . 3 Summary  of  Experimental  Concept 

The  experimental  measurements  are  intended  to  gather  data  which  will 
quantitatively  define  the  magntiude  and  spatial  distribution  of  diffuse  reflections. 
The  classical  theory  treats  specular  reflections  in  a satisfactory  way,  but  pre- 
cise measurement  data  are  needed  to  confirm  and  refine  the  models  that  treat 
diffuse  reflections. 

Consider  a low  sited  receiver  and  an  elevated  transmitter  as  in  Figure  1. 
The  transmitted  energy  will  arrive  at  the  receiver  on  a direct  path  and  any 
number  of  indirect  paths.  If  the  surface  appears  smooth  at  the  propagation 
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Figure  1.  Multipath  Propagation 


frequency  and  target  elevation  angle  chosen,  the  only  significant  indirect  path  is 
the  specular  one.  For  rough  surfaces,  there  are  many  indirect  paths,  each 
characterized  by  a different  diffuse  reflection  factor.  The  region  over  which 
these  reflections  occur  is  called  the  glistening  surface. 

The  purpose  of  the  experiment  is  to  examine  the  received  power  and  from 
this  determine  the  relative  diffuse  power  reflected  from  each  point  (or  small  sub 
region)  of  the  glistening  surface.  If  the  power  arriving  via  the  direct  path  is  used 
i s a reference,  the  power  received  via  each  other  path  can  be  used  to  determine 
the  diffuse  reflection  coefficients,  provided  the  geometry  and  equipment  charac- 
teristics are  accurately  known. 

The  key  requirement  is  to  achieve  sufficient  resolution  over  the  glistening 
surface  so  that  an  adequate  number  of  sub  regions  can  be  identified.  Because  of 
the  shallow  sight  lines  to  the  surface  from  the  low  sited  receiver,  good  resolution 
in  the  down  range  direction  cannot  be  achieved  from  the  receiving  antenna  pattern 
alone  for  any  practical  size  antenna  at  transmission  frequencies  of  interest. 

To  remove  this  difficulty  and  obtain  fine  down  range  resolution,  a trans- 
mitter generating  a very  narrow  pulse  («*  1 ns)  will  be  used  with  a receiver  having 
a 1 GHz  bandwidth.  The  resulting  resolution  will  approximate  that  shown  in 
Figure  2.  In  the  receiver,  a time  reference  is  provided  via  a small  auxiliary 
antenna  which  receives  the  direct  signal  pulse. 

Figure  2 is  a plan  view  of  the  glistening  surface  for  a transmitter- 
receiver  ground  distance  of  about  6 km.  To  show  the  narrow  glistening  surface 
adequately,  the  scale  has  been  greatly  expanded  in  the  cross  range  direction.  The 
entire  glistening  surface  for  the  example  shown  is  included  within  approximately 
0.  5 degrees  in  azimuth.  A 0.  5 degree  beamwidth  is  planned.  If  the  frequency  is 
high  enough,  the  receiving  antenna  size  can  be  kept  within  reasonable  bounds.  At 
the  planned  frequency  of  16  GHz,  the  antenna  diameter  will  be  about  2.  5 meters. 
For  rougher  surfaces,  the  glistening  surface  will  be  wider,  thus  permitting  the 
beam  azimuth  resolution  capability  to  be  effective. 

The  transmitted  pulse  moves  along  the  ground  toward  the  receiver  providing 
a broadening  resolution  as  it  moves.  Several  examples  of  the  apparent  pulsewidth 
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(resolution)  at  various  down  range  locations  are  illustrated  in  Figure  2.  Although 
the  resolution  cells  are  shown  with  straight  line  boundaries,  they  are  actually 
somewhat  curved  concave  toward  the  receiver.  The  resolution  cell  is  never  greater 
than  240  meters  up  to  about  300  meters  from  the  receiver.  For  shorter  ranges, 
the  0.  5 degree  receiving  beam  provides  finer  resolution  as  the  receiving  beam  is 
directed  towards  steeper  negative  elevation  angles. 

For  maximum  flexibility,  the  receiving  equipment  will  be  mounted  on  a 
t ruck  or  transportable  trailer.  The  transmitter  (a  solid  state  low  power  unit 
weighing  less  than  2 pounds)  will  be  suspended  either  by  a tethered  aerodynamic 
device  or  by  a helicopter,  depending  on  constraints  imposed  by  the  site  environment. 

Typical  system  parameters  are  listed  in  Table  I.  It  is  believed  that 

reasonable  extrapolation  of  results  from  16  GHz  can  be  accomplished  to  predict 
effects  at  X-Band  and  at  lower  bands  commonly  used  fpr  radar.  It  is  also  possible 
to  make  measuremei  ts  directly  at  X-Band.  Azimuth  resolution  would  be  degraded 
somewhat  at  X-Band,  but  down  ranee  resolution  would  not  be  affected. 


Table  I 


Typical  Experiment  System  Parameters 


F requency 

Receiving  Antenna  Diameter 
Transmitter  PRF 
Receiving  Antenna  Height 
Transmitter  Height 
Transmitter  Peak  Power 
Pulsewidth 

Transmitter-Receiver  Ground  Distance 


16  GHz 
2.  5 meters 
40  - 80  kHz 
4 meters 
50  - 600  meters 
1 00  watts 
1 nsec 
3-10  km 


1 . 4 Data  Collection  and  Analysis 

A number  of  potential  data  collection  sites  have  been  investigated.  It  is  be- 
lieved that  initial  activity  should  take  place  relatively  near  Raytheon  facilities 
to  minimize  operational  burdens.  Initial  measurements  should  occur  over 
simplf  terrain  or  over  water  at  an  accessible  location.  Accordingly,  three  sites 
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within  Massachusetts  have  been  tentatively  selected  for  measurements  next  spring. 
They  are  listed  with  prospective  measurement  dates  in  Table  II. 


Table  II. 


Measurement  Sites 


March  1 5- Apr il  7 


April  23  -May  1 5 


June  1-15 


Otis  Air  Force  Base,  Cape  Cod  (near  Falmouth, 
Massachusetts) 

Race  Point  Coast  Guard  Station,  Cape  Cod 
(near  Pr o vincetown,  Massachusetts) 

W estover  Air  Force  Base 
(near  Springfield,  Massachusetts) 


The  Air  Force  bases  are  now  operated  by  the  Massachusetts  Air  National 
Gu^rd  and  traffic  is  relatively  light.  Westover  can  provide  clear  coverage  over 
flat  grassy  ana  paved  terrain  up  to  4.  6 km  (15,  000  ft.  ).  Otis  is  similar  although 
the  clear  distance  is  shorter;  but  because  of  its  location,  Otis  loses  its  snow  early 
in  the  season.  Consequently,  Otis  has  been  selected  for  initial  equipment  shake- 
down  measurements  in  March.  Cater,  terrain  measurements  at  Westover  will  be 
performed  to  examine  longer  distances. 

To  insure  accurate  correlation  of  measurements  with  theory,  a 3-dimensional 
map  of  the  lerrain  will  be  made  by  Raytheon  s Autometric  facility  from  aerial 
photographs. 

Diffuse  reflection  measurements  of  the  ocean  surface  will  be  taken  at  Race 
Point.  Ocean  statistics  will  be  simultaneously  gathered  photographically  and 
reduced  via  the  Stilwell  process  (see  Appendix  F). 

In  all  cases,  theodolites,  tracking  telescopes  and/or  lasers  will  be  used 
as  required  to  accurately  locate  the  transmitter  while  measurements  are  taking 
place.  In  addition,  power  measurements  will  be  referenced  against  the  direct 

path  by  pointing  the  receiving  antenna  at  the  transmitter  occasionally  for  cali- 
bration. 

All  data  will  be  stored  on  tape  at  the  site.  Data  reduction  will  utilize  the 
multipath  computer  program  described  in  Section  4 to  determine  the  accuracy  to 
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which  the  theory  would  predict  the  power  vs.  reflection  location,  given  detailed 
knowlege  of  the  terrain  or  ocean  surface  and  the  geometry.  Deviations  between 
prediction  and  measurements  will  be  examined  to  improve  the  theory  and/or  com- 
puter mode.  A comprehensive  discussion  of  the  measurements  and  data  analysis  is 
given  in  Section  3.  Note  that  no  phase  measurements  are  contemplated,  since  the 
basic  difficulty  in  prediction  concerns  power  amplitude,  not  phase. 

Once  the  basic  measurements  have  been  successfully  completed,  sites  with 
more  complex  terrain  will  be  visited  and  measurements  made  and  analyzed. 

More  details  on  plans  and  schedules  may  be  found  in  Section  5. 


1 . S hJotat  ion 

In  preparing  this  report  consistency  in  the  use  of  notation  has  been 
emphasized.  However,  some  range  and  angle  terms  used  in  the  section  covering 
theory,  differ  from  those  of  equivalent  meaning  used  in  the  sections  covering 
measurements.  To  avoid  confusion,  all  terms  are  clearly  defined  in  the  sections 

in  which  they  appear,  and  are  further  defined  in  the  glossary  included  at  the  beginning 
of  this  report. 
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SECTION  2.  MULTIPATH  THEORY 


2.  1 Introduction 

The  multipath  problem  is  due  to  contamination  of  the  direct  signal  return 
from  a source  by  the  indirect  return  from  the  same  source  which  arrives  bvare- 
fleeted  path.  Multipath  can  cause  errors  in  all  three  of  the  radar  tracking  coordi- 
nates, and  the  errors  may  become  quite  large  when,  for  example,  the  main  beam 
of  the  antenna  intersects  the  ground  plane  and  the  surface  reflectivity  is  such  that 
the  reflected  signal  is  of  magnitude  comparable  to  that  of  the  direct  signal. 

The  first  step  in  studying  the  multipath  phenomenon  has  been  the  development 
of  a specular  multipath  model.  In  such  a model,  all  of  the  reflected  energy  is 
assumed  to  arrive  at  the  radar  from  an  image  source  at  a well  defined  position 
below  the  real  source.  It  is  clear  that  for  such  a model  to  be  valid,  the  reflecting 
surface  must  be  relatively  smooth.  Since  the  earth's  surface  consists,  in  general, 
of  small  scale  surface  irregularities  superimposed  on  hills,  mountains,  etc.,  it 
is  not  surprising  that  past  proposals  for  the  elimination  of  multipath  error,  based 
on  this  specular  reflection  model,  have  for  the  most  part  proved  disappointing. 

The  need  for  a multipath  model  that  may  be  applied  over  general  terrain 
with  varying  degrees  of  roughness  has  led  to  the  development  of  a theory  which 
describes  the  effects  of  diffuse  scattering  from  the  terrain  between  the  source 
and  receiver.  In  this  theory,  the  power  per  unit  area  scattered  via  diffuse  scat- 
tering is  considerably  less  than  the  power  reflected  per  unit  area  in  the  specular 
direction.  Nevertheless,  the  diffuse  scattering  is  important  and  often  dominant 
in  low  angle  tracking  because  the  area  producing  the  diffuse  scattering  (Glistening 
Surface)  includes  virtually  all  of  the  terrain  between  the  source  and  receiver.  The 
onset  of  dominance  of  diffuse  over  specular  returns  is  determined  in  the  theory  by 
surface  roughness.  The  rougher  the  surface,  the  lower  the  elevation  angles  at 
which  diffuse  scattering  dominates. 

The  purpose  of  this  section  is  threefold.  First,  a brief  description  will  be 
given  of  a simplified  specular/diffuse  multipath  model  which  is  based  on  the 
classical  multipath  theory  (Refs.  1 and  2)  and  which  has  been  used  over  the  past 
few  years  in  lieu  of  a more  detailed  treatment  of  the  same  classical  theory. 
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Secondly,  to  provide  understanding  of  the  restrictions  on  the  use  of  the  simplified 
model  and  the  characteristics  of  the  detailed  multipath  model  developed  under  this 
contract  (see  Section  4).  a brief  description  of  the  classical  theory  will  be  given 
with  a more  detailed  discussion  appearing  in  Appendix  C.  Finally,  the  latest 
theoretical  modifications  (also  included  in  the  detailed  multipath  simulation) 
leading  to  the  refined  multipath  theory  proposed  by  D.  K.  Barton  (Ref.  3)  will  be 
described. 

2.  2 Simplified  Specular/Diffuse  Multipath  Model 
Specular  Reflection 

Consider  the  smooth  flat  earth  geometry  depicted  in  Figure  3.  Mere  it 

is  assumed  that  the  source  radiates  or  reflects  signals  uniformly  in  all  directions 
and  that  the  antenna  receives  a direct  signal  from  an  elevation  angle  0 and  a 
reflected  signal  from  an  image  source  at  an  elevation  0 , where  Loth  angles  are 
measured  with  respect  to  the  antenna  axis.  In  accordance  with  the  laws  of  geo- 
metric optics,  the  total  signal  received  by  the  antenna  is 

E = A f ( 0 ) 4 A R f (-  8 )e'in  (2.  ?.  1) 

t t r o r 

where 

A^  = free-space  field  strength  of  the  source  the  antenna 

A^  = free-space  field  strength  of  the  source  at  the  image  antenna 

f(Q)  = antenna  voltage  gain  pattern 

R = magnitude  of  the  Fresnel  reflection  coefficient  R = R e “icc 
° 2 TT  6 ° 

Q - total  phase  shift  = — ^ — — + cp 

X = wavelength 

6 = path  lifference  = R,  f R_  - R,  (see  Figure  3) 

o 1 c.  5 

As  the  pla-.ar  surface  becomes  rough  - that  is,  when  surface  irregularities 
are  superimposed  on  the  planar  surface  - theoretical  considerations  suggest  that 
the  amplitude  of  the  specular  component  of  the  surface  reflections  (second  term  in 
(2.  2.  1)  ) is  reduced  by  an  amount  dependent  upon  the  roughness  of  the  surface.  To 
be  specific,  a more  precise  evaluation  of  the  amplitude  of  the  specular  reflection 
component  ' obtained  by  replacing  Rq  in  (2.  2.  1)  by  the  product 

p = R n (2.2.2) 

oK  s 
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where  n is  the  rms  specular  scattering  coefficient  for  a perfectly  conducting 
s 

rough-earth  and  is  given  by 


P 


2 

s 


exp 


4tt  sin  ^ 
X 


(2.  2.  3) 


with  c,  denoting  the  rms  surface  height  variation  of  the  surface  irregularities 
h 

(assumed  normally  distributed)  and  f is  the  specular  reflection  angle. 


In  order  to  account  for  the  effect  of  the  earth's  curvature  on  the  Fresnel 
reflection  coefficient,  which  is  usually  derived  for  a flat  earth,  an  additional 
factor  (divergence  factor) 


D 


, 2R1*2 

afRj  + R2)  sin  ^ 


- 1/2 


(2.  2.  4) 


is  introduced  as  a multiplier  of  R . The  "a"  in  (2.  2.  4)  is  an  effective  earth's 
radius  derived  in  theory  to  account  for  atmospheric  refraction. 

The  total  signal  received  by  the  antenna  is  now  given  in  this  specular  re 
flection  theory  by 


E = A f (0  ) + A (DR  )p  f(-0  )e‘in  (2.2.5) 

t l r*  o s r 

The  second  term  in  the  above  expression  should  be  considered  as  the  signal  re- 
ceived by  the  antenna  that  is  reflected  in  the  specular  direction  only,  by  a curved 
earth  with  small  scale  surface  irregularities. 

Since  Equation  (2.  2.  5)  is  valid  only  for  surfaces  that  are  relatively  smooth, 
an  agreement  has  to  be  made  as  to  when  a surface  can  be  considered  smooth  for 
the  proper  application  of  the  above  specular  theory. 

Specular  reflection  theory  may  be  considered  to  apply  when 


This  scattering  coefficient  may  be  regarded  as  the  rms  field  intensity  at  the 
antenna  for  a perfectly  conducting  rough  earth  that  is  due  to  a point  source 
located  at  the  image  source  and  normali7ed  to  the  smooth  plane  earth  return 
for  the  same  geometry. 
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(2.  2.  6) 


r—  sin  d(  < . 065  (Ref  1,  2). 

This  inequality  should  be  interpreted  as  the  condition  for  which  specular  reflection 
will  dominate,  or  equivalently,  the  condition  for  defining  a smooth  surface.  Con- 
versely, a surface  is  considered  "rough"  when  the  sense  of  the  inequality  in  (2.  2.  6) 
is  reversed.  Again,  from  (2.2.  6)  surface  roughness  is  a function  of  both  Cy/\  and 
the  angle  of  incidence  (or  equivalently,  source  position)  and  cannot  be  expressed 
solely  in  terms  of  terrain  characteristics  for  a given  wavelength  That  is,  a 
surface  may  be  considered  smooth  when  either 

CT. 

t—  -»  0 or  (J|  -»  0 . (2.  2.  7) 

A 

Dilfuse  Scattering 

In  general,  as  a surface  becomes  rough,  diffusely  scattered  energy  arrives 
at  the  antenna  from  an  extended  region  about  the  specular  point,  and  the  specular 
reflection  theory  will,  in  itself,  no  longer  be  valid.  This  scattering  region,  known 
as  the  glistening  surface,  may  extend  over  virtually  all  of  the  terrain  between  the 
antenna  and  the  source.  More  specifically,  the  glistening  surface  may  be  con- 
sidered as  the  region  from  which  power  can  be  reflected  to  the  radar  by  facets 
having  slopes,  (3,  less  than  or  equal  to 

P = 2 0,/d  (2.  2.  8) 

o n c 

the  rms  surface  slope.  Here  dc  denotes  the  correlation  distance  of  the  surface 
heights.  Figure  4 illustrates  the  extent  of  various  glistening  surfaces  in  the 
azimuth  and  elevation  coordinates  for  targets  at  different  elevations  over  terrain 
with  constant  6q  (or  equivalently,  in  view  of  (2.  2.  6),  for  different  degrees  of 
surface  roughness).  These  glistening  surfaces  were  calculated  using  flat  earth 
geometry  and  the  approximation  0^  sa  0 (see  Figure  3). 
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Figure  4.  Specular  and  Diffuse  Multipath  - Variation  in  Source 
of  Reflection  with  Elevation  Angle  and  Roughness: 

(a)  Specular  reflection,  Pg  1.  P ~p0» 

(b)  Slight  roughness,  a^/X  sin  9t=“.06 

(c)  Rough  surface 

(di  Low  elevation,  curved  earth 


14 


The  diffuse  power  return  may  be  regarded  as  that  power  reflected  from  the 
glistening  surface  in  a non-specular  direction  and  is  given  by 

PD  = (RoPd)2pr  (2-2.9) 

where 

R is  again  the  magnitude  of  the  Fresnel  reflection  coefficient 

Pcl  is  an  rms  diffuse  scattering  factor 

P is  the  direct  power  from  the  source 
r 

The  problem  in  (2.  2.  9)  is  in  the  determination  of  Figure  5 is  an  attempt 

to  express  0fj  as  a simple  function  of  (c^/X  sin  ^),  and  is  at  best  a compromise 
(the  validity  of  which  is  questionable)  between  theory  and  a few  sets  of  experi- 
mental data.  In  general  is  a complicated  function  of  X,  and  the 

receiver/ source  geometry. 

Theoretical  derivations  with  source  elevation  angles  and  specular  angles  of 

incidence  that  are  small  compared  to  the  rms  surface  slope  B , indicate  that  the 

o 

sources  of  significant  diffuse  power  are  concentrated  near  the  two  ends  of  the 
glistening  surface.  In  view  of  this,  a simplified  diffuse  model  has  sometimes 
been  used  in  which  the  diffuse  power  is  equally  divided  between  the  foreground 
component  immediately  in  front  of  the  antenna  and  a horizon  component  below  and 
in  front  of  the  target.  In  addition,  the  power  is  apportioned  in  this  model  between 
the  specular  and  diffuse  components  in  accordance  with  Figure  5, 

This  simplified  model,  when  applied  to  radar  tracking  problems,  can  lead 
to  overly  optimistic  results.  This,  together  with  the  questionable  estimates 
of  pd  from  Figure  5 suggests  the  need  for  the  development  of  a more  detailed 
and  more  accurate  multipath  model. 

A brief  treatment  of  the  classical  theory,  together  with  the  latest  modifi- 
cations to  this  theory  (Ref.  3)  will  follow.  The  treatment  is  intended  to  provide  a 
theoretical  background  for  the  understanding  of  the  detailed  multipath  model  de- 
veloped under  this  contract  (Section  4).  In  addition,  it  will  provide  a better  under- 
standing of  the  spatial  distribution  of  diffuse  power  and  the  limitations  to  the  use 
of  the  simplified  multipath  model.  A more  complete  discussion  of  the  theory  is 
given  in  Appendix  C. 
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2 . 3 Specular/Diffuse  Multipath  Theory 
Notation 

In  the  following  discussion,  unless  stated  to  the  contrary, 

C = £ (x,  y)  (2.  3.  1) 

denotes  the  height  of  a normally  distributed  surface  (rough  in  two  dimensions) 
with  mean  and  variance 

<•  c > = 0 (2.  3.  2) 

D{^  = oh2  (2.  3.  3) 

respectively1.  Figure  6 shows  a surface  element  S of  incremental  area  fi  . 

S 

together  with  an  associated  coordinate  system.  Without  loss  of  generality,  the 
projection  of  S onto  the  xy-plane  is  assumed  to  be  rectangular  with  area 

f> A = 4/^X/iY  (2.  3.  4) 

and  the  mean  level  of  the  surface  element  is  taken  to  be  the  plane  z = 0. 


Figure  6,  Surface  Patch  Geometry 


^Notation  used  in  this  section  is  consistent  with  that  used  throughout  Reference  1. 
A list  of  symbols  and  definitions  is  provided  at  the  beinning  of  this  report. 
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All  quantities  associated  with  the  incident  field  will  be  denoted  by  the  sub- 
script 1 and  those  associated  with  the^  scattered  field  by  the  subscript  2.  Accor- 
dingly, the  incident  field  is  denoted  and  the  scattered  field  E^.  In  what 
follows,  Ej  is  either  vertically  or  horizontally  polarized  (although  the  results 
may  be  generalized  for  arbitrary  polarization).  It  is  therefore  necessary  here  to 

-4 

consider  only  the  scalar  value  Ej(  = j Ej  | ) of  the  vector  Ej.  Also,  Ej  is  assumed 
to  be  the  harmonic  plane  wave 


E = A j e l 


i(k  r r - uu  t 


(2.  3.  5) 


where 


= kk 


1 


in 

X 


kl 


unit  vector  in  the  direction 
of  the  incident  wave 


2.  3.  (>) 


r is  the  radius  vector  xxq  + yyQ  4 zz  (see  Figure  6.  ) 
e lJt  is  a time  factor  which  will  henceforth  be  suppressed 
Aj  (assumed  constant)  is  the  amplitude  of 

Further  notation  connected  with  the  scattering  geometry  is  shown  in  Figures 
7 & 8. 

Finally,  the  Fresnel  reflection  coefficients  for  a smooth  plane  are 


6 sin  'll 
R+  = -C  1 


6 - cos  \Jf  . 

c 1 


e sin  'l1.  + [ 

c l >1 


6 - cos'  . . 

c l 


(2.  3.7) 


sin 


R = 


l 4 


£ - cos  >1' 

c 1 


sin  ^ x + J" 


G - cos^  sjl  , 
c 1 


Similarly,  k^  = 
reflected  wave. 


kk,  = in  k 


2 where  k^  is  a unit  vector  in  the  direction  of  the 
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where  the  " + " and  denote  vertical  and  horizontal  polarizations,  respectively, 
and  is  the  complex  dielectric  constant  of  the  terrain. 


Z 


Figure  7.  Scattering  Geometry 


Figure  8.  Local  Scatt  ering  Geometry 
Mean  Patch  Power  Determination 

A general  expression  for  the  scattered  field  E 2 at  a point  of  observation 
P is  given  in  the  theory  by  the  Helmholtz  integral 


e2(P) 


) 


dS 


(2.  3.  8) 


where  Y is  an  appropriate  fundamental  solution  of  the  three-dimensional  wave 

fi  E 

equation,  E is  the  voltage  field  on  S and  is  its  normal  derivative.  It  is 

assumed  here  that  the  radii  of  curvature  of  the  surface  irregularities  are  large 

6 E 

in  comparison  to  the  wavelength  X so  that  E and  ^ may  be  approximated  on  S by 


(E)  (1  + R E.l 

S 1 


(2.  3.  9) 


~ i ( 1 - R 


E.  (k  , * n) 


1 


1 


where  n denotes  the  unit  normal  to  S (see  Figure  8).  The  derivation  of  the 
mean  scattered  field  from  S using  (2.  3.  8)  and  (2.  3.  9).  is  heavily  dependent  upon 
the  roi  ghness  of  the  patch,  that  is  on  the  value  of  the  roughness  parameter  g, 
where 


v/T 


2tt0] 

~7“ 


(cos  9^  t cos  ) 


(2.  3.  10) 


With  the  surface  assumed  very  rough  (g>>  1)  (2.3.8)  and  (2.3.9)  lead  to  the 
approximation 


(iPz)  -1YJEZ  EZ~) 


(2.  3.  11) 


for  the  mean  scattered  power  from  the  surface  patch  S.  The  asterisk  (*)  in 
this  expression  denotes  the  complex  conjugate  and  Yq  is  the  admittance  of  free 
space.  Also  {E.  E2*)  is  given  as 


2 Ptglg2X2  'R(*  1*  2 cot2  Po 
Yo  <4n)3  (RLR2)2 


exp 


tan2E 

tan2^ 

o 


6A 


(2.  3.  12) 
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Here  P is  the  peak  transmitter  power;  g^  and  g ^ are  power  gains  of  the 
transmitter  and  receiver,  respectively,  in  the  direction  of  the  patch;  Rj  and 
R are  the  transmitter  and  receiver  distances  from  the  patch;  and  all  other 
quantities  have  previously  been  defined.  If  (2.  3.  11  ) is  normalized  by  the  direct 
power  return  at  the  receiver,  the  normalized  mean  squared  scattered  field  is 


R (0 


L-  0 


where 


\0 


2 

d 


_L  gig2 

4r  g10ff20 


l-h. 

V 1R2 


2 


cot 


c 

o 


12.  3.  13) 


(2.  3.  14) 


and  g Q and  g2Q  are  the  power  gains  of  the  transmitter  in  the  direction  of  the 
receiver  and  of  the  receiver  in  the  direction  of  the  transmitter,  respectively, 
and  R ^ is  the  transmitter- receiver  separation. 

For  a very  rough  surface  the  scattered  field  is  completely  incoherent, 
that  is,  the  phases  of  the  elementary  fields  are  independent  and  uniformly  dis- 
tributed over  a basic  interval  of  length  2 t\  Accordingly,  powers  add  and  the 
total  mean  power  from  the  glistening  surface  is  given  in  this  classical  theory  by 


(p2)  = pr^4 


(2.  3.  15) 


or  equivalently 

(p2)  = Pr  L I Rrt  !>  1 2 * 


(2.  3.  16) 


The  notation  appearing  in  (2.  3.  15)  and  (2.  3.  16)  is  used  to  denote  the  direct 
power  at  the  receiver  from  the  source. 

Unfortunately,  the  above  expression  for  (P ^ j is  valid  only  for  glistening 
surfaces  that  can  be  classified  as  rough  (g  > > 1)  at  all  points.  In  practice, 
portions  of  the  glistening  surface  are  rough  and  portions  are  not. 

This  is  true  even  if  the  surface  is  uniform  with  respect  to  the  roughness  param- 
eters 9^  and  O^because  the  roughness  parameter  g is  also  a function  of  the 
reflection  angles  to  the  elementary  patches  and  may  vary  cons ider abh  from 
patch  to  patch  along  the  glistening  surface.  As  surface  patches  become  smooth, 
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tho  diffusely  scattered  power  given  by  (2.3.  Ill  or  (2.  3.  13)  must  be  scaled  pp 
priately  and  the  specularly  reflected  power  determined.  The  mean  scatters 
patch  power  is  then  the  sum  of  the  resulting  diffuse  power  and  the  specularly 

reflected  power. 

The  most  recent  development  in  the  multipath  theory  (Ref  3)  suggests  a 
method  of  scaling  the  diffuse  power  contribution  for  varying  surface  roughness. 
The  procedure  used  is  to  apply  separate  scaling  factors  to  each  surface  patch 
on  the  glistening  surface,  so  that  in  effect  each  AP  d is  multiplied  by  a factor 
depending  on  the  local  angles  of  incidence  and  the  rms  height  of  the  surface 
irregularities  over  the  patch.  Because  the  effect  applies  separately  to  the 
two  paths  Rt  and  R^  a geometric  mean  of  the  two  grazing  angles  ^ and  V 2 

is  used:  

(2. 3. 17) 


')  (‘  ‘z) 


where 


s . 

i 


exp 


1 4rrP.  sin  V. 
h i 


i = 1,2 


(2.  3.  18) 


It  should  be  noted  that  the  above  choice  for  the  scaling  of  the  diffuse  power 
contribution  includes  the  horizon  effect  for  a curved  earth  and  also  accounts 
for  the  energy  reflected  specularly  at  low  angles  of  incidence  from  the  tops 
of  rounded  irregularities. 

With  the  introduction  of  F^,  a general  expression  for  the  mean 
scattered  patch  power  is  given  by 

2 2 

where  P 2 is  the  specular  contribution  from  the  patch  and  Fd  Af  d the 
appropriately  scaled  diffuse  contribution.  In  practice  Pg  is  taken  to  be 


(bpz)  - 


p |r  (♦ .) 

r 1 1 


+ F~  AP,  , 
4 tt  d d -• 


(2.  3.  19) 
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if  the  specular  point 
is  on  the  patch 


i. 


exp 

0 


'h  sin  ”1 


othe 


rwi  se 


(2. 3.20) 


and  is  defined  as  the  mean  square  specular  reflection  coefficient.  Refer  to 

2 

Appendix  C for  a detailed  derivation  and  discussion  of  P . 

2 

The  D in  (2.3.19)  is  the  divergence  factor  introduced  in  section  2.2 
(equation  2 . 2.4). 

The  equation  (2.  3.  19)  should  be  considered  as  an  improvement  to  (2  3.  11) 
where  ^ ^ is  defined  b/  (2.  3.  12).  With  regard  to  its  use  in  determining 

the  total  reflected  power  from  the  glistening  surface,  the  incoherence  of  the 
scattered  field  is  still  necessary  if  the  elementary  powers  are  simply  to  be 
added  together.  In  the.  ry  it  is  known  that  a continuous  transition  from  incoherence 
to  coherence  (constant  phase)  exists  as  the  surface  becomes  smooth,  but  there  is 
as  yet  no  established  method  of  measuring  this  transition  for  the  purpose  of 
accurately  defining  the  criteria  for  adding  the  elementary  powers  in  the  deter- 
mination of  the  total  scattered  power. 

One  alternative  to  adding  elementary  powers  is  to  establish  the  scattered 
field  distribution.  Random  fields  tor  each  patch  can  then  be  chosen  and  vector- 
ially  added  for  each  member  of  a Monte  Carlo  process  to  determine  the  sample 
voltage  field  from  the  glistening  surface  and  an  associated  power.  The  mean 
scattered  power  from  the  glistening  surface  is  then  found  by  averaging  the 
sample  powers  over  all  Monte  Carlo  samples. 

It  follows  from  the  derivations  in  Appendix  C that  the  mean  and  variance 
of  the  scattered  field  distribution' for  a patch  are  given  respectively  by 


(Ez)  = 


- D glg2  A 


(R 


R (^)/Pt.  \ 


1/2 

exp 


ik(R1+R2)-  ± 


4tO  cos  6, 

h 1 


otherwise 


if  the  specular  point  is 
on  the  patch 


(2.  3. 21) 
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2 PtDl 2(81g2  X)Z  |R  (^)  i2  cot2  Pq  Fd2  exp 


D {E  } .. ? 

Yq  (4TT)-*  (RlR2) 


tan23 

„ 2C 
tan  p 


l&A 


(2.  2.  22) 


Where  g and  g»  now  denote  voltage  gains  in  the  source  -patch,  and  receiver 
1 2 

patch  directions , respectively. 


The  random  vector  field  from  S can  be  represented  as  the  sum  of  a constant 
vector  and  a fluctuating  Hoyt  vector  with  components  chosen  from  normal  distri- 
butions with  mean  zero  and  appropriate  variances.  To  be  specific,  introduce  the 
notation. 


E2  = x + jy 
s j = D{x^ 
s2  = D{yl 


(2. 3.23) 


for  the  scattered  field  E2  and  the  variances  of  its  real  and  imaginary  parts, 
and  let  x',y'  denote  new  coordinate  axes  turned  through  an  angle  cp  with  respect 
to  the  axes  x,  y so  that  x'  and  y ' are  independent  (see  Figure  9).  This 
rotation  transformation  is  well  known  in  probal  ,*ity  theory  and  the  required 
angle  cp  is  found  from 

2C  /s . 

tan  2 cp  = i — - (2.3.24) 

o sL  - s2 

where  C is  a correlation  coefficient.  Let 


/ . • / 
x + jy 


where 

x.'  ~ x cos  cp  + y sin  cp 
o 7 o 


y , = y cos  cp  - x sin  cp 
7 7 o o 


(2. 3.25) 


Here  E->  ' is  merely  the  scattered  field 


E2  expressed  in  the  x 


y system. 


lThe  j is  now  being  used  to  denote  V-1  in  place  of  the  i used  previously  to 

eliminate  confusion  on  the  following  few  pages. 
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In  this  x ' y ' system 
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(2.  3.26) 


Equiprobability 

Curve 


Figure  9.  Random  Scattered  Field 


Now  the  random  (vector)  field  E 2 from  the  patch  S can  be  represented  in  the 
x'y'  coordinate  system  as  the  sum  of  the  constant  vector  <V>  and  a fluctu- 
ating Hoyt  vector  with  x'  and  y'  components  chosen  from  normal  distributions 
With  mean  zero  and  variances  s^,  s ^ . That  is 

E2'  =(E2')  +[s/  u+js2'V]  (2.3.27) 

where  U and  V are  random  numbers  chosen  from  a normal  distribution  with 
zero  mean  and  unit  standard  deviation.  Rewriting  (2.  3.  27)  as 


E2'  = ? + j T) 


(2.  3.  28) 


whe  re 


? = + V u 

n=(y')  + S2'v 


(2.  3.  29) 


the  random  field  can  be  rotated  back  to  the  xy  coordinate  system  with  the 
result 


E2  = x + jy 

x - ? cos  cp  - T]  sin  cp 
o o 

y = ? sin  cpQ  + Tlcos  CPQ 


1 


(2.  3.  30) 


Now  introducing  the  subscript  i to  denote  the  ith  patch  on  the  glistening 
surface  and  the  superscript  n to  denote  the  nth  sample  of  a Monte  Carlo  process, 
the  random  scattered  field  from  the  ith  patch  and  for  the  nth  sample  is  given  as 
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2. 
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jy ; 


(2.  3.  31) 
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where 
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(2.  3.  32) 


' 2 .2 
s , = s , cos  CP  + s_  sin  CP 
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Accordingly,  the  total  field  from  the  glistening  surface  for  the  nth  sample  is 
M 


_ n r n . . n-i 

E2  =.I,  K + JVl  > 

1=1 


(2.  3.  33) 


where  M is  the  number  of  patches  and  x^n  and  y^n  are  defined  by  (2.  3.  32). 
Expressing  the  total  reflected  power  (at  the  receiver)  for  the  nth  sample  in 
terms  of 


P2MY°  (W*)- 


(2.  3.34) 


and  hence  the  total  mean  scattered  power  received  from  the  glistening  surface  is 
N 


(Pz)  - N 2 P2 

' ' n = 1 


(2.  3.  35) 


where  N is  the  number  of  samples. 

It  remains  only  to  determine  Sj.  and  S2.  and  the  correlation  coefficient 
C appearing  in  (2.3.24).  To  do  this,  the  asymmetry  factor 
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(2.  3.  36) 


is  introduced.  It  may  be 

(1  - fi  vz) 

(1  - X2(vz)  ) - (X2  ( v z ) - X(2vz)  ) cos  p 
1 otherwise 


shown  that 

) 4 (X  2 ( v2)  - X (2  vz)  ) cos  3 


if  specular  point 
is  on  patch 


(2.  3.  37) 


is  a reasonable  approximation,  where 


= - (cos  fl  + cos  0_) 

A / 1 


X (x)  = exp 


12  2 

" 2 °h  X 


(2.  3.  38) 


cp 


= 2 (kR2  + Cp) 

= Phase  of  the  Fresnel  reflection  coefficient. 


Since 


D {EJ.  = s + s 
2 i 1 . 


(2.  3.  39) 


is  known,  s^  and  s2  can  be  determined  (using  (2.  3.  36)  - (2.  3.  39)  with  the 
result  1 1 


D (E,  T. 

2 i 


(2.  3.40) 


With  regard  to  the  correlation  coefficient  C,  it  can  be  shown  that  if  the 
distribution  of  surface  heights  is  symmetric  about  zero  and  normally  distributed 
(as  has  been  assumed  throughout  this  discussion) 


C = 


(X2  ( v z ) - X (2  vz)  ) sin  P 
J ( 1 - X2  (vz))2  - (X2  (vz)  -X  (2  vz))2  cos2  P 


0 otherwise 

is  an  appropriate  approximation  to  C. 


if  specular  point 
is  in  patch 

(2.3.41) 
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In  the  event  experimental  data  indicates  that  an  asymmetrical  distribution  for 
q (x,y)  more  appropriate,  only  minor  coding  changes  to  the  simulation  will 
be  required. 

Final  Remarks 

Consider  a receiver  at  an  altitude  of  five  meters  and  a source  at  a 

distance  of  10  km  from  the  receiver  and  at  an  altitude  of  105  m.  In  addition, 

2 

assume  0,/\  = 5 and  g = . 1.  Equation  (2.  3.  16),  with  |R  ('ll. )(  set  equal  to  1 
h ~ o ^ 

and  with  A pd  defined  by  (2.  3.  14)  leads  to  the  graph  in  Figure  10  (Reference  3)  for 
the  distribution  of  diffusely  scattered  power  in  down-range  increments  of  300  m. 

In  this  case  the  source  elevation  angle  and  the  specular  angle  of  incidence  are 
small  compared  to  the  rms  surface  slope  80,  and  the  graphs  shows  that  the  nr  or 
contributions  to  the  diffuse  power  come  from  the  ends  . of  the  glistening  surface  in 
agreement  with  the  simplified  multipath  model  discussed  in  section  2.2.  However, 
equation  (2.3.  14)  is  valid  only  for  a very  rough  surface,  and  since,  in  general, 
surface  roughness  is  a function  of  receiver- source  geometry  and  surface  patch 
location  in  addition  to  terrain  characteristics,  the  graph  in  Figure  10  may  be 
misleading.  Indeed,  if  each  term  on  the  right-hand  side  of  (2.  5.2)  is  multipled 

2 

by  the  roughness  factor  Fd  , which  scales  surface  roughness  according  to 
patch  location  as  well  as  surface  characteristics,  Figure  11  (Reference  3)  is  ob- 
tained. In  this  figure  it  is  seen  that  the  diffuse  contribution  directly  below  and  in 
front  of  the  transmitter  is  substantially  reduced  over  that  indicated  in  Figure  10. 
This  does  not  suggest  that  the  simplified  model  is  totally  incorrect,  but  it 
does  indicate  that  care  should  be  taken  in  the  application  of  the  simplified 
model  to  certain  receiver-source  configurations.  In  the  geometry  leading  to 
Figure  11,  the  source  (transmitter)  is  near  the  horizon  where  the  earth 

appears  relatively  smooth  to  the  receiver.  This  horizon  effect  is  included 

2 

in  the  roughness  factor  F^  and  accounts  for  the  reduction  of  the  diffuse 
contributions  in  this  region. 

The  multipath  model  described  in  Section  4 gives  a precise  treatment  of  the 
refined  multipath  theory  presented  in  Reference  3 and  supports  the  preliminary 
computations  made  in  this  reference  that  lead  to  Figures  10  and  11. 
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SECTION  3.  EXPERIMENTAL  MEASUREMENTS 


The  measurement  approach  is  intended  to  provide  accurate  and  reliable  data / 
for  refining  and  quantifying  the  theory  discussed  in  section  2.  To  this  end  an  un- 
complicated concept  has  been  selected  and  an  effort  made  to  minimize  equipment 
complexity. 

This  section  discusses  (1)  trade-off  studies  performed  to  establish  basic 
parameters  for  the  experiment,  (2)  the  equipment  configuration  selected,  (3)  the 
measurement  approach,  including  site  selection  and  auxiliary  measurement  re- 
quirements, and  (4)  data  analyses  needed  to  make  best  use  of  the  measurements. 

3.  1 Trade-Off  Studies 

3.1.1  General 

In  order  to  proceed  with  design  of  the  experiment  certain  ground  rules  were 
established  early  in  the  study.  Major  emphasis  is  to  be  placed  upon  determining 
how  diffuse  power  is  distributed  along  the  glistening  surface.  Key  factors  which 
have  been  considered  tr  achieve  this  goal  in  the  most  straightforward  way  are  the 
following: 

1.  Radar  vs  one  way  measurement 

2.  Path  orientation  and  length 

3.  Desirability  of  measuring  phase 

4.  Techniques  for  achieving  sufficient  ground  resolution 

5.  Choice  of  frequency 

6.  Choice  of  polarization 

7.  Signal  strength 

Radar  vs.  One  Way  Measurement 

A major  area  of  application  for  the  refined  theory  will  relate  to  radar 
tracking,  which  involves  consideration  of  two-way  paths.  All  basic  information 
needed  to  determine  the  multipath  effects  of  diffuse  reflection  may  be  obtained, 
however,  from  one-way  measurements.  Therefore,  even  though  a tracking  radar 
is  modeled  in  the  computer  simulation  (see  Section  4),  the  measurement  system 
needs  to  employ  one  way  measurements.  As  a result, only  a separate  receiver 
and  transmitter  are  needed  rather  than  a complete  tracking  radar  and  a beacon  target. 
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Path  Orientation  and  Length 


The  geometry  of  greatest  interest  to  the  radar  designer  and  user  in- 
volves tracking  targets  close  to  the  horizon  from  a radar  site  close  to  the  ground. 
For  the  measurements,  it  was  decided  to  let  the  receiver  be  located  on  the  ground 
with  the  processing  and  recording  equipment.  The  transmitter,  a light  weight, 
low  power  device,  could  then  be  in  the  target  position,  slightly  elevated  in  angle 
above  the  horizon,  supported  by  a balloon,  parafoil,  or  helicopter.  Maximum  dis- 
tance between  transmitter  and  receiver  should  be  the  horizon  distance  as  viewed 
from  the  ground  sited  equipment.  The  height  of  the  phase  center  of  the  receiving 
antenna  was  selected  to  be  3 to  5 meters  above  the  ground.  Corresponding  horizon 
distances  are  as  given  in  Table  III 

Table  ITT 


Distances  to  Horizon 


Antenna 
Height  (m) 

Horizon 
Distance  (km) 

3 

7100 

4 

8200 

5 

9200 

Since  significant  reflections  may  be  expected  at  least  up  to  the  horizon,  measure- 
ments should  be  made  with  transmitter-receiver  distances  at  least  this  great. 

Desirability  of  Measuring  Phase 

The  complete  description  of  the  reflectivity  of  any  patch  on  the  ground 
requires  that  both  amplitude  and  phase  be  given.  Phase  observed  at  the  receiver, 
however,  will  vary  rapidly  with  small  changes  in  geometric  placement  of  trans- 
mitter, patch  and  receiver.  For  wavelengths  at  microwave  frequencies,  practical 
geometric  measurements  will  not  be  accurate  enough  to  correlate  with  measured 
phase.  In  addition  because  the  phase  will  vary  rapidly  in  a real  application,  the 
precise  phase  bias  indicated  by  the  reflection  is  relatively  unimportant. 
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Knowledge  of  the  amplitude  of  the  diffuse  return,  on  the  ot’.er  hand,  is 
of  great  importance  if  the  theory  is  to  be  refined,  and  it  is  also  easily  measured. 

It  has  been  decided,  therefore,  to  obtain  data  on  the  diffuse  power 
from  each  patch  without  attempting  to  extract  the  phase  information.  This  leads 
to  an  equipment  simplification  since  CW  signals  need  not  travel  simultaneously 
over  both  direct  and  indirect  paths. 

Techniques  for  Achieving  Sufficient  Ground  F esolution 

Because  of  the  oblique  geometry,  it  is  very  difficult  to  divide  the  glist- 
ening surface  into  small  enough  patches  using  angular  resolution  alone.  The 
narrow  angular  resolution  must  be  carried  out  either  by  the  elevated  transmitter 
or  by  the  low  sited  receiver. 

As  an  example,  consider  a receiver  antenna  4 meters  above  ground 
level,  and  a transmitter  located  at  horizon  distance  (8Z00  meters)  at  an  elevation 
of  2.  6 degrees  above  the  horizon  (372  meters  high).  If  a ground  patch  resolution 
of  300  meters  is  to  be  provided  by  the  transmitter  in  the  receiver -transmitter 
direction,  an  elevation  angular  resolution  of  0.  107  degrees  is  needed.  This  would  call 
for  an  antenna  elevation  dimension  of  11.  6 meters  at  Ku  band  and  larger  at  lower 
frequencies. 

To  achieve  this  resolution  along  the  glistening  surface  with  the  low 
sited  receiver  instead  would  call  for  a far  larger  antenna  because  of  the  extremely 
oblique  geometry. 

Although  the  geometry  allows  for  a reasonable  solution  in  azimuth,the 
range  dimension  must  be  treated  differently.  Use  of  a narrow  pulse  to  provide 
downrange  resolution  appears  to  be  feasible.  A 1 nsec  pulse  generated  at  the 
transmitter  will  keep  the  resolution  below  300  meters  at  all  points  on  the  glistening 
surface  for  geometries  of  interest.  As  indicated  in  Section  3.  2 a very  light  weight 
transmitter  Cv  n provide  this  capability. 

It  is  intended  to  meet  the  resolution  requirements  with  the  narrow 
pulse  transmitter  and  a directional  receiving  beam  of  about  0.5  degree  beamwidth. 
The  receiver  will  have  a broad  bandwidth  (1  GHz)  and  the  airborne  transmitter 
antenna  will  be  nearly  omnidirectional  to  minimize  angular  control  requirements. 
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Details  of  resolution  studies  for  variation  in  test  geometry  parameters 
are  covered  in  Section  3.  1 . 2 below. 


Choice  of  F requency 

Refinement  of  the  diffuse  reflection  theory  is  desired  over  a broad 
range  of  frequencies.  On  the  other  hand  the  frequency  should  be  high  to  achieve 
desired  resolution,  both  keep  antenna  sizes  within  bounds  for  the  azimuth  dimen- 
sion and  to  achieve  the  very  wide  bandwidth  needed  for  the  down  range  resolution. 

A Ku  band  («=  16  GHz)  frequency  has  been  chosen  because  it  meets  these  require- 
merits,  because  much  radar  and  conam  unication  activity  currently  exists  at  t\u  banc, 
and  also  because  it  is  believed  that  much  of  tho  diffuse  reflection  data  gathered 
can  be  successfully  extrapolated  to  lower  bands  such  as  X,  C,  S and  L. 

Choice  of  Polarization 

As  discussed  in  Section  3.  2,  it  may  be  feasible  to  perform  experiments 
with  either  vertical  or  horizontal  polarization.  If  not,  the  equipment  will  be  con- 
figured for  horizontal  polarization  only,  since  the  least  complicated  correlation  of 
measurements  and  theory  can  be  developed  at  this  polarization.  For  this  case  the 
Brewster  angle  reduced  return  does  not  occur,  so  that  uncertainties  in  expected 
smooth  earth  return,  due  t.o  angle  of  incidence  and  reflection,  will  be  minimized. 


Signal  Strength 


For  reliable  measurements,  adequate  signal-to-noise  ratio,  S/N,  must 
exist  at  the  receiver.  For  the  geometry  of  Figure  (see  page38  ) the  direct  path 
S/N  per  pulse  ts  given  by 


S/N  = 


P.  G G c^  T 

t r t 

(4tt)2  f2  r 2 KT  F L 
D o n r 


where 

transmitter  pulse  power 
G^  = gain  of  receiving  antenna 
G^  = gain  of  transmitting  antenna 
c = velocity  of  light 
T = pulsewidth 
f = frequency 
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r = direct  path  distance  between  transmitter  and  receiver 
U 0*1 

K = Boltzmans  Constant  (1.  38  x 10  watts/Hz/  K) 

T = standard  receiver  reference  temperature  (290°K) 
o 

F = receiver  noise  figure 
n 

= losses  in  receiving  system 

The  transmitter  losses  are  not  explicitly  called  out  because  P is 
defined  as  the  power  radiated  from  the  transmitting  antenna  when  its  gain  is  unity. 
Since  the  transmitter  may  be  moving  about  quite  freely,  the  antenna  will  be  as 
omnidirectional  as  possible,  and  a gain  (Gf)  of  0 dB  is  therefore  assumed. 

The  receiver  gain  is  given  by 

4t  A 

^ _ r _ 


where  Ar  is  aperture  and 

aperture  efficiency 


In  terms  of  antenna  diameter  (d)  and  rf  frequency,  the  gain  can  be 
expressed  as 


„2  a1  f2 

_ tt  d f 

G - ~ T) 

r 2 a 


For  f = 16  GHz,  d = 2.  5 meters,  and  n = . 6,  the  gain  is  50.  2 dB. 

a 

For  calculations,  a gain  of  50.  0 dB  has  been  assumed. 

It  is  expected  that  a solid  state  light  weight  transmitter  with  a peak 

output  power  of  100  watts  and  a pulsewidth  of  1 nanosecond  can  be  obtained  (a 

potential  source  is  discussed  in  paragraphs  3.  2.  1.  ).  Assuming  these  values 

and  the  following 

r^  = 6 km 

F = 8 dB 
n 

L = 2 dB 
r 

The  direct  path,  single  pulse  S/N  becomes 
S/N  = 41.  9 dB 
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For  the  indirect  paths  relative  attenuations  of  30  dB  may  typically  be  expected, 
resulting  in  a S/N  of  11.9  d!3. 


Should  this  level  of  signal  prove  inadequate,  the  pulses  may  be  inte- 
grated incoherently  to  achieve  desired  signal  strength.  For  most  situations, 
an  integration  of  10  pulses  (adding  about  8 dB)  should  be  adequate  although  inte- 
gration of  larger  numbers  would  not  be  difficult.  See  Table  IV,  where  S/  N is 
given  for  various  measurement  ranges. 

In  the  table 

(S/N)^  Single  Pulse  Direct  Frith  S/N 

S/N  - Single  Pulse  Indirect  Path,  Minimum  S,  N 

(S/  __  Ten  pulse  Integrated  Minimum  S/N  for  Indirect  Path 


Table  IV 

S/N  at  Various  Ranges  for  30  dB  Indirect  Path  Attenuation 


Range  (rn> 
km 

(S/N)d 

S/N 

(S/N),o 

3 

47.  9 

17.  9 

25.  9 

5 

43.  5 

13.  5 

21.5 

6 

41.9 

11.9 

19.  9 

7 

40.  6 

10.  6 

18.  6 

10 

37.  5 

7.  5 

15.  5 

The  simulation  computer  program  developed  under  the  current  study  has 
been  run  to  predict  some  typical  results  (see  Section  4.  0,  f igures  49  through  60). 
Depending  on  conditions  in  these  examples,  indirect  path  returns  exhibit  attenua- 
tions of  17.8  dB  and  greater.  Diffuse  attenuation  is  particularly  large  v.henthe 
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terrain  is  very  smooth.  On  the  other  hand  for  moderately  rough  terrain  the 
diffuse  return  from  a significant  portion  of  the  glistening  surface  will  produce 
acceptable  S/N  levels.  In  developing  the  experiment,  it  must  be  recognized  that 
for  a given  beam  position  only  a portion  of  the  predicted  signal  level  can  be 
observed  because  of  equipment  limitations. 

However,  for  a reasonably  rough  surface  most  portions  of  the  glistening 
surface  can  be  examined  by  using  various  beam  positions  to  illuminate  each  region 
of  interest.  If  in  these  regions,  the  observed  power  matches  theoretical  pre- 
dictions, confidence  in  the  theory  can  be  increased  and  theoretical  extrapolation 
beyond  observations  can  be  justified.  The  transmitter  power  level  planned  for 
the  experiment  is  therefore  expected  to  be  adequate. 

Detailed  Parameter  Trade-offs 

The  above  considerations  have  led  to  the  choice  of  the  experimental  configura- 
tion outlined  in  Section  1.  3.  Detailed  parameter  trade-offs  which  were  used  in 
selecting  configuration  parameters  and  determining  some  of  the  requirements  for 
auxiliary  equipment  follow.  Discussed  are  iesolution,  shape  of  the  glistening  sur- 
face, and  accuracy  with  which  transmitter  location  must  be  determined. 

3.  1.  2 Resolution 

The  critical  resolution  direction  is  along  the  ground  projection  of  the  direct 
transmitter-receiver  path.  The  geometry  is  treated  briefly  below  and  trade-off 
curves  presented  for  typical  cases  which  show  the  relationships  which  govern  re- 
solution among  receiving  antenna  beamwidth,  transmitter  pulsewidth  and  geometric 
placement.  Next  are  shown  the  contours  of  receiving  beam  intersection  with  the 
ground  so  that  the  cross  range  resolution  attributable  to  receiving  beam  shape 
may  be  understood. 

Resolution  Along  Transmitter -Receiver  Ground  Path  Projection 

Relationships  governing  angular  resolution  have  been  developed  using 
the  geometry  of  Figure  12,  for  a spherical  Earth,  where 

Rg  = 4/3  times  geometric  Earth  Radius 

h^  = height  of  receiving  antenna  (R) 

Dj  = Ground  Distance  to  resolution  cell  center  (C) 
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Qj  = Look  angle  to  C with  respect  to  vertical 


1 


The  relationships  are: 


R 


e 


fl  = arc  tan 


R sin  rh , 
e 1 

R + h - R cos  (h 
ere 


The  required  beamwidth  A A,  for  given  resolution  ^ stance  AD^  can  be  obtained  by- 
solving  these  equations  for  values  of  at  each  end  of  the  desired  resolution 
interval. 

Figure  13  represents  the  corresponding  situation  for  time  delay  range 
resolution.  In  the  figure,  h^  is  the  height  of  the  transmitter  (T).  D is  the  receiver 
transmitter  projected  ground  distance. 


EARTH  CENTER  EARTH  CENTER 

Figure  12.  Figure  13. 


Angular  Resolution  Geometry  Range  Resolution  Geometry 


The  total  path  length  (r)  is  given  by 


r = rl  + r2 


and 


sin  * 


r,  = R 


1 


1 e sin  A 


1 


where 


*1  " R 


and 


R sin  * , 
e 1 


9.  = arc  tan— = . , _ — 

1 R +h  - R cos  * . 

ere 


and 


sin  (6  -<t . ) 

r.  = R t — 5 — - — 

2 e sin  A 


where 


*-<6.  = (D-D.  )/R 
l l e 


9^  = arc  tan 


R sin  (*  -<t  ) 
e i 


R +h.  - R cos  ) . 

e t e l J 


The  direct  path  distance  (r^)  is  given  by 


/r»  , , i sin  ffi 

r„  = (R  + h ) -• — - 
D e r sin  f) 


D 


where 


Qp  = arc  ta 


[(R  + h ) sin 
e r 

R + h - (R  + h 
e t e r 


* 

) cos  f 


Resolution  may  be  expressed  in  terms  of  the  change  in  D^,  i.  e.  AD^,  as 
the  differential  time  between  direct  and  indirect  paths  is  varied.  Thus  in  the 
measurement  equipment  a pulse  received  over  the  direct  path  is  used  as  the  refer- 
ence for  signals  received  from  points  C over  indirect  paths. 

Time  delay  ( t^)  is 

TdZ  (r-rD)/c 
where  c = velocity  of  light 

Since  r^  is  constant  during  a set  of  measurements  the  change  in  time 
delay,  At^,  is 

At  ^ = A r / c 

This  may  be  interpreted  as  the  pulsewidth.  The  resolution,  AD^»  is 
directly  related  through  the  above  equations  to  At  as  a function  of  the  location  of 
point  C. 
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Angular  and  range  ground  resolutions  have  been  computed  for  geome- 
tries of  interest  and  are  presented  in  Figures  14  through  20.  Results  assume  a 
receiving  elevation  beamwidth  of  0.  5 degree  and  a transmitter  pulsewidth  of  1 
nanosecond,  since  these  appear  to  be  reasonable  values  for  the  measurement 
program.  For  other  values  linear  scaling  may  be  applied. 

Displayed  are  receiver-transmitter  distances  of  3,  5,  7 and  10  km  for 
a receiver  height  (h^)  of  3 meters  and  distances  of  5,  10  and  15  km  for  hr  of  5 meters. 
Resolution  is  shown  as  a function  of  ground  distance  (Dj)  for  a range  of  transmitter 
heights  (h^ ) . Maximum  values  of  h^  are  great  enough  to  insure  a resolution  of  300 
meters  or  less  at  all  points.  The  maximum  resolution  occurs  when  the  angular 
resolution  and  pulse  resolution  curves  cross.  This  occurs  fairly  close  to  the 
receiver.  The  slight  kink  in  the  angular  resolution  curve  represents  an  approxima- 
tion to  the  cross  over  between  far  and  near  field  patterns  for  the  receiving  antenna. 

It  was  assumed  that  the  beamwidth  is  3 meters  at  the  cross  over  point. 

There  is  little  difference  due  to  change  in  receiver  height.  Further- 
more all  curves  seem  to  indicate  that  if  300  meters  resolution  is  to  be  met  at  all 
ground  points  the  elevation  angle  of  the  transmitter  as  viewed  from  the  receiver 
must  be  no  less  than  about  2.  5 degrees. 

Receiving  Beam  Contours 

The  shape  of  the  receiving  beam  intersection  with  the  ground  at  its 
3 dB  contours  has  been  calculated  for  a flat  earth.  This  provides  the  beam  shape 
contribution  to  resolution  boundaries.  Figure  21  illustrate^  the  geometry. 

Resolution  contours  are  traced  out  as  <f>  is  rotated  through  360  degrees. 
Parametric  equations  for  the  contours  are 

x = r (cos  0 cos  + sin  A sin  K cos 
y = r sin  A sin  M 

r = h /(cos  9 sin  - sin  A cos  * cos  <t) 
r 

where 

h = receiver  height 
r 

r = distance  from  receiver  to  intersection  point  on  resolution  contour 
0 = half  beamwidth  (conical  beam) 

* = depression  angle  of  beam  axis 


I 

I 

I 

I 

I 

-M. 
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Figure  14.  Down  Range  Resolution 
(D  = 3 km,  h-  = 3 m) 
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Figure  15.  Down  Range  Resolution 
(D  = 5 km,  h r = 3 m) 
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Figure  17.  Down  Range  Resolution 
(D  = 10  km,  hr  = 3m) 
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Figure  19.  Down  Range  Resolution 
(D=  10  km,  h = 9 m) 
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Figure  20.  Down  Range  Resolution 
(D  = 1 5 km,  hr  = 5 m) 
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Contours  developed  for  a 5 meter  receiver  height  are  presented  in 
Figure  22  . The  black  dots  on  the  down  range  axis  represent  position  of 
the  beam  axis  for  each  contour.  These  contours  assume  a 0.  5 degree  beam- 
width  at  all  ranges.  Actually,  close  to  the  receiver  the  near  field  pattern  ex- 
hibits a larger  angular  beamwidth.  Hence  for  ranges  less  than  about  400  meters 
the  resolution  contours  will  be  somewhat  longer  than  illustrated.  Nevertheless 
it  is  clear  that  good  two  dimensional  resolution  can  be  obtained  with  the  receiving 
antenna  at  short  distances. 


Figure  21.  Receiving  Beaiu  Geometry 


3.  1. 3 Glistening  Surface  Shape 

The  shape  of  the  glistening  surface  is  of  interest  because  it  represents 
the  region  over  which  diffuse  returns  may  be  expected.  The  boundary  of  the 
surface  for  a flat  earth  is  given  by  (Ref.  1): 
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This  equation  defines  a boundary  line  in  terms  of  an  ordinate  y (cross 
range)  and  an  abscissa,  Dj,  (down  range  distance),  measured  with  respect  to  an 
origin  beneath  the  receiver  and  a line  projected  on  the  earth  below  the  receiver- 
transmitter  direct  path. 


In  this  equation 


D = ground  distance  between  receiver  and  transmitter 

D = D-Dj  = down  range  distance  measured  from  transmitter  ground  projection 

h - height  of  receiver 
r 

h = height  of  transmitter 
fj  - slope  of  terrain 

If  the  slope,  Qo  , is  distributed  such  that  ^ is  maximum  magnitude, 
then  all  diffuse  reflections  will  arrive  from  some  location  within  the  boundary. 

If,  instead,  /3n  is  the  rms  slope  then  most  diffuse  reflections  originate  within  the 
boundary,  but  some  returns  will  come  from  outside. 


All  the  geometric  conditions  of  Section  3.  1.  1 have  been  examined  for 
glistening  surface  shape.  In  each  case  plots  have  been  made  for  values  of  . 1, 

. 25,  . 5 and  1. 0 radians.  Representative  examples  are  shown  in  Figures  23 
through  28.  In  each  contour,  bounding  increments  of  0.  5 degree  receiver  beamwidth 

are  superimposed  to  show  conditions  under  which  azimuth  resolution  will  provide 
useful  information. 


A listing  of  parameters  selected  for  each  figure  is  given  in  Table  V 

Table  V. 

Glistening  Surface  Parameters 


Fig.  No. 

D(km) 

h (m) 
r 

ht  (m) 

23 

3 

3 

200 

24 

5 

3 

200 

25 

7 

3 

100 

26 

7 

3 

300 

27 

10 

3 

400 

28 

10 

5 

400 
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Although  the  earth  is  actually  curved  these  plots  may  be  expected  to  be 
accurate  except  when  the  horizon  distance  from  the  receiver  is  exceeded  (refer  to 
Table  III  ).  For  these  cases  the  glistening  surface  terminates  at  the  horizon. 

To  achieve  the  desired  resolution  of  300  meters  maximum,  the  trans- 
mitter elevation  angle  should  be  at  least  2.  5 degrees  as  viewed  from  the  re- 
ceive^. For  these  cases  the  0Q  = 0.  1 radian  boundary  is  enclosed  within  a single 
0.5  degree  beamwidth.  For  greater  values  of  surface  roughness  beamwidth  azi- 
muth resolution  becomes  important.  For  example,  if  (30=  0.5,  five  angular  beam- 
widths  are  enclosed  within  the  glistening  surface  boundary. 

The  shape  of  the  boundaries  (for  flat  earth)  is  little  affected  by 
receiver  height  changes,  as  long  as  the  height  is  relatively  quite  low.  Thus 
Figures  27  and  28  appear  identical  even  though  receiver  heights  are  3 and  5 
meters  respectively. 

3.  1.4  Transmitter  Location  Accuracy  Requirement 

Since  the  transmitter  is  to  be  held  aloft  by  a non-rigid  support  (e.  g.  balloon 
or  helicopter)  the  effect  of  inaccurate  knowledge  of  its  position  with  respect  to  the 
receiver  must  be  evaluated.  This  information  will  determine  the  specifications 
needed  for  auxiliary  tracking  equipment.  Accordingly  the  unobservable  change  in 
reflection  point  due  to  an  unknown  change  in  transmitter  height  (elevation  error)  or 
in  receiver-transmitter  ground  distance  (down  range  error)  has  been  examined. 

Figure  29  shows  the  "flat"  earth  receiver-transmitter  configuration. 

Check  calculations  with  a curved  earth  have  confirmed  that  this  approximation 
gives  a very  accurate  result  for  the  error  relationship.  Symbols  used  have  equi- 
valent meaning  to  those  used  in  Figure  13. 
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Figure  29.  Geometry  for  Error  Analysis 
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Elevation  Error 


This  is  defined  as  the  change  of  ground  distance  to  the  reflection  point, 
C,  given  a change  in  transmitter  height  under  the  constraint  that  the  net  path  length, 
r,  be  constant.  Net  path  length  is 

r = rl  + r2  ‘ rD 

This  is  the  quantity  directly  measured  by  the  timing  circuits  in  the  receiver. 
Changes  in  with  net  path  length  constant  will  be  undetectable  by  the  measuring 
equipment. 

dD 

The  elevation  error,  -rr — , has  been  derived  from  the  geometry  of  the 
figure  with  the  above  constraint,  namely 


= 0 


The  result  is 


3D1  rl  [rz  *ht  ' hr>  ' rD  ht  ] 
ah,  = rD  [r2D  1 - VD-D1>] 


Down  Range  Error 

This  is  defined  as  the  change  of  ground  distance  to  the  reflection  point, 

Q given  a change  in  receiver-transmitter  ground  distance  under  the  same  constraint 
as  above. 

The  down  range  error  is 

rl  [r2D  - -V0'0!1] 

aD  ' rD  [r2Dl  • rl  (D-Dl'] 
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Nume rical  Results 


The  errors  have  been  evaluated  for  all  cases  examined  in  Section  3.  1 . 2. 
&D. 

Representative  results  for  are  given  in  Figures  30  through  33,  which  cover 
values  of  D from  3 to  1 0 km,  with  hf  = 3 m Results  for  ht  = 5 m are  substantially 
the  same. 

The  error  reaches  its  maximum  near  the  center  of  the  reflective  region 
and  its  value  is  a function  of  the  elevation  angle  to  the  transmitter.  For  the  no- 
minal value  (2.  5 deg)  selected  in  Section  3.  1.  2 for  resolution  purposes,  the  eleva- 
tion error  has  a magnitude  of  about  12,  i«  e.  , a 1 meter  change  in  transmitter  height 

requires  a.  12  meter  change  in  reflection  point  to  keep  the  time  difference  constant# 

There  is  as  well  some  anomalous  behavior  close  to  the  receiver,  but 
resolution  in  this  region  will  be  handled  by  the  receiving  beam  pattern  so  that 
timing  effects  will  not  be  important. 

The  error  of  value  12  implies  that  an  elevation  tracker  located  at  the 
receiver  and  having  an  accuracy  of  0.  5 mr  will  introduce  an  error  of  60  meters  at 
midrange  if  the  transmitter  is  10  km  distant.  This  is  less  than  the  90  meters  re- 
solution expected  at  that  point  and  considerably  lower  than  the  desired  resolution  of 
about  300  meters.  Azimuth  tracking  errors  will  be  less  severe  since  no  geometric 
dilution  exists. 

Figure  34  shows  a representative  case  for  down  range  error,  hr  = 

3 m,  D = 7 km.  No  geometric  dilution  exists  here  except  for  an  anomalous 

behavior  close  to  the  rece  iver. 

The  above  results  indicate  that  requirements  for  tracking  the  trans- 
mitter are  not  severe,  and  place  relatively  mild  demands  on  auxiliary  equipment. 
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Figure  34.  Down  Range  Error 
(D  = 7 km,  h_  = 3 m) 


3.  2 Equipment 

Measurements  to  provide  an  experimental  basis  for  validating  multipath 
theory  will  require  a transmitter  to  be  suspended  at  a height  of  from  50  to  600 
meters  above  the  earth,  with  an  antenna  having  a beamwidth  broad  enough  to  illu- 
minate an  area  which  will  include  substantially  all  of  the  glistening  surface,  and  a 
receiver  with  an  antenna  mounted  three  or  four  meters  above  the  earth  and  having 
a narrow  beam  which  can  be  directed  to  various  parts  of  the  glistening  surface 
(see  Figure  35  ).  The  received  information  will  be  processed  for  display,  to 
permit  immediate  local  monitoring,  and  will  be  converted  to  digital  form  and 
recorded  for  subsequent  detailed  analysis.  (The  transmitter  and  receiver  could, 
of  course,  be  interchanged,  but  this  would  entail  airborne  telemetry  to  return  the 
received  information  to  earth.  Since  the  necessary  transmitter  power  level  (see 
Section  3.  1)  can  be  obtained  from  an  LSI  diode  oscillator  which,  complete  with 
modulator,  power  supply  and  battery,  will  weigh  less  than  two  pounds,  the  arrange- 
ment shown  in  Figure  35  is  more  practical.  ) 

Means  for  suspending  the  transmitter  are  discussed  in  Section  3.2.4,  below. 
A helicopter  will  be  required  in  some  situations;  in  others,  a tethered  balloon  or 
kite  may  be  used.  The  receiving  antenna  and  its  pedestal  will  be  mounted  on  a 
vehicle  which  will  be  capable  of  traversing  the  various  kinds  of  terrain  to  be  mea- 
sured, and  which  will  have  space  inside  for  the  receiving,  processing,  display, 
antenna  control  and  accessory  equipment,  and  for  people  to  operate  and  observe 
the  equipment.  A separate  small  antenna  will  be  provided  for  receiving  the  direct 
signal  from  the  transmitter;  this  antenna  may  be  mounted  on  the  vehicle  or  on  a 
tripod  nearby. 

3.  2.  1 Transmitter 

Figure  36  is  a block  diagram  of  the  transmitter.  The  power  supply, 
modulator,  and  diode  oscillator  (shown  enclosed  in  dotted  lines)  will  be  bought  as 
a package,  probably  from  Cayuga  Associates. 

Cayuga  has  developed  LSA  (Limited  Space-charge  Accumulation)  solid-state 
diode  oscillators  capable  of  considerably  higher  peak  power  output  than  can  be  ob- 
tained from  other  solid-state  microwave  sources.  They  can  presently  provide,  as 
a catalog  item  (CA-8000),  an  X-band  source  which  has  a peak  power  of  100  watts 
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and  a pulse  width  of  2 nsec.  They  have  made  a short-pulse  source  at  14  GHz  with 
190  watts  of  peak  power.  They  are  confident  that  they  can  produce  100  watts  at 
16  GHz,  with  a pulsewidth  at.  or  very  i lose  to,  one  nsec.  They  will  provide,  in  a 
12-ounce  package,  a Ku-band  LSA  oscillator,  a solid-state  modulator,  and  a DC- 
to-DC  converter  to  supply  150  volts  to  the  LSA  diode.  The  input  voltage  can  be  t> 
to  30  volts,  at  our  option.  We  will  probably  choose  6 volts  and  use  four  alkaline 
"D"  cells  or  two  lithium  cells  for  primary  power. 

3.  2.  2 Transmitting  Antenna 

It  is  desirable  for  the  transmitting  antenna  to  be  omnidirectional  horizon- 
tally so  that  the  transmitter/antenna  can  be  hung  by  a single  line  and  permitted  to 
rotate  freely  about  a vertical  axis.  This  necessarily  entails  having  a vertical 
null  in  the  radiation  pattern;  hence  the  ground  directly  below  the  antenna  will  not 
be  illuminated.  No  special  care  in  antenna  design  will  be  required,  however,  to 
keep  the  vertical  null  adequately  narrow.  In  the  first  place,  the  diffuse  reflection 
to  the  distant  receiver  from  near-vertical  incidence  is  expected  to  be  too  lev.  to  be 
detected  even  with  full  illumination.  In  the  second  place,  since  the  transmitter 
height  will  be  five  to  ten  percent  of  the  horizontal  transmitter-to-receiver  baseline 
distance,  the  null  could  have  a hai.'-width  of  45°  and  ninety  to  ninety-five  percent 
of  the  baseline  would  still  be  illuminated.  Patterns  for  two  simple  antennas 
(Figures  38  and  39  ) show  nulls  with  half-widths  of  20°  and  35°  at  the  -3  dB 
points. 

It  may  be  of  interest  to  run  terts  with  both  vertical  and  horizontal  polariza 
tion.  Figure  37  shows  two  suitable  lightweight  low  cost  printed-circuit  antennas, 
which  have  been  designed  for  S-band  and  can  readily  be  scaled  to  Ku-band.  Their 
vertical  patterns  are  shown  in  Figures  38  and  39  . For  illumination  near  the 
receiver,  the  elevation  angle  is  about  -1°  to  -5°,  depending  on  transmitter  height 
and  distance.  If  the  distance  aAay  fror.i  the  receiver  is  limited  to  correspond  to 
an  elevation  angle  at  the  transmitter  of  -45°,  as  discussed  above,  then  the  total 
variation  for  the  horizontal  polarization  pattern  is  less  than  2 dB.  The  vertical 
polarization  pattern  is  even  better;  it  puts  its  maximum  power  near  -45°,  where 
the  diffuse  reflectivity  should  be  weakest,  and  lets  the  power  decrease  for  areas 
closer  to  the  receiver.  Similar  patterns  can  probably  be  achieved  for  the  triple 
dipole  by  putting  a rejecting  plane  a quarter  wavelength  above  it. 
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Figure  37.  Printed  Circuit  Antennas 
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Flat  Disk  Antenna  Pattern 
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The  transmitter/antenna  assembly  will  be  designed  to  hang  vertically  in  the 
absence  of  wind.  However,  if  it  should  sway  in  the  wind  so  as  to  deviate  from  the 
vertical,  the  null  would  scan  about  the  landscape  accordingly.  This  can  be  minimized 
by  attaching  a long  rod  to  the  bottom  of  the  assembly,  extending  downward  for  per- 
haps 50  to  100  cm.  This  rod  may  be  made  of  a rigid  plastic  foam  to  minimize  its 
effect  on  the  antenna  pattern.  A lightweight  line,  twenty  meters  long  or  so,  will 
be  attached  to  the  bottom  of  the  rod,  with  a lead  weight  at  the  bottom  end  of  the  line, 
['his  will  not  only  tend  to  keep  the  transmitter/antenna  assembly  vertical  but  will 
also  be  very  useful  when  the  assembly  is  being  brought  down  at  the  end  of  a -un  of 
measurements.  Whether  the  means  of  suspension  is  a helicopter,  a balloon,  or  a 
parafoil  or  other  kite,  it  is  possible  if  there  ire  uneven  winds  near  the  ground  that 
the  rate  of  descent  will  be  erratic  and  at  times  perhaps  faster  than  might  be  de- 
sired. The  lead  weight  can  thump  against  the  ground  without  being  damaged,  and 
the  line  attached  to  it  can  then  be  used  to  guide  the  transmitter /antenna  down  and 
prevent  it  from  striking  the  ground. 

3.  2.  3 Ground  Receiving  Equipment 

Figure  40  is  a block  diagram  of  the  ground  receiving  equipment.  Most  of 
this  equipment  will  be  mounted  inside  a mobile  vehicle.  The  main  antenna  and  its 
pedestal  will  be  mounted  on  the  vehicle  on  the  outside  or  possibly  on  a separate 
trailer  or  on  a modified  forklift.  The  auxiliary  antenna  will  probably  be  mounted 
on  a tripod  which  will  be  set  up  near  the  vehicle  with  the  associated  TWT  ampli- 
fier and  detector  located  close  by.  to  minimize  transmission  line  losses. 

Main  Receiving  Antenna 

The  main  receiving  antenna,  for  receiving  signals  reflected  from  the  terra. n 
or  ocean,  will  use  a parabolic  reflector  about  two  and  a half  meters  in  diameter 
with  a 1 33  cm  focal  length.  It  will  have  a half-power  beamwidth  at  Ku-band  of  about 
half  a degree.  The  reflector  will  probably  be  spun  from  quarter-inch  thirl  alumi- 
num and  then  machined  to  a tolerance  of  ^ . 25  mm  rms.  This  is  expected  to  weigh 
considerably  less  than  a fiberglass  panel  reflector  would,  permitting  the  use  of  a 
smaller  pedestal  and  making  it  easier  to  mount  the  entire  assembly  on  a vehicle  of 

reasonable  size. 
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Figure  40.  Ground  Receiving  Equipment 
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During  the  measurement  of  reflections  from  an  entire  glistening  surface,  the 
antenna  will  be  required  to  move  only  a few  degrees  in  azimuth  and  no  more  than 
45°  in  elevation.  However,  we  will  allow  for  180°  or  more  of  azimuth  rotation  so 
as  to  avoid  having  to  align  the  vehicle  with  the  transmitter/receiver  baseline. 

We  will  probably  avoid  the  use  of  rotary  joints,  either  by  using  a length  of  flexible 
waveguide  or  by  mounting  the  TWT  preamplifier  on  the  back  of  the  reflector  and 
using  a length  of  flexible  coax  at  the  output  of  the  preamplifier. 


Ku-band  Microwave  Receiver 

All  of  the  gain  required  in  the  receiver  will  be  provided  directly  at  rf,  rather 
than  using  a superheterodyne  receiver.  This  will  permit  realization  of  the  band- 
width necessary  to  take  advantage  of  the  resolution  provided  by  the  one  nanosecond 
pulse  width,  with  no  difficulty.  A bandpass  filter  in  the  reflected  signal  amplifier 
channel  will  restrict  the  bandwidth  to  match  the  pulse  bandwidth,  so  as  to  main- 
tain an  acceptable  noise  figure. 


Low-noise  TWT  preamplifiers  and  amplifiers  having  the  characteristics 
indicated  in  Figure  40  are  available  from  more  than  one  source;  the  particular 
specifications  given  are  for  Watkins -Johnson  tubes  (the  WJ-371  and  the  WJ-425-lo, 
respectively,  the  former  being  optimized  or  selected  for  low  noise  at  16  GHz). 

The  same  high  gam  amplifier  tube  will  be  used  in  both  the  direct  and  reflected 
signal  channels,  permitting  one  spare  tube  to  serve  for  both. 

The  filter,  and  probably  the  detectors,  will  be  designed  and  fabricated  at 
Raytheon's  Wayland  Laboratory. 


Direct  Signal  Channel 

The  channel  for  receiving  direct  signals  from  the  transmitter  will  consist  of 
an  auxiliary  receiving  antenna,  a TWT  amplifier,  a detector,  and  a meter  to  indi- 
cate the  relative  level  of  the  received  signals.  The  antenna  will  use  a small  center 
fed  parabolic  reflector,  40  to  45  cm  in  diameter.  It  may  be  mounted  on  the  vehicle, 
with  the  other  equipment  inside,  but  it  will  probably  be  more  convenient  to  mount 
it  on  a tripod  outside  the  vehicle.  The  other  equipment  will  be  placed  nearby,  to 
minimize  the  length  of  transmission  line  between  the  antenna  and  the  amplifier 
and  to  make  the  level  meter  conveniently  usable  as  an  aid  in  aiming  the  antenna. 
Since  the  antenna  will  have  a beamwidth  of  about  three  degrees,  there  will  be  no 
difficulty  in  aiming  it  manually  toward  the  transmitter. 
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Signal  Reception 


Figures  affecting  the  signal-to-noise  ratios  and  signal  levels  in  the  direct 
path  and  reflected  path  signal  channels  are  tabulated  below.  The  signal  levels 
given  are  minimum  levels,  under  the  assumptions  discussed  in  Section  3.  1,  above, 
for  a transmitter-to-receiver  distance  of  six  kilometers. 

DIRECT  PATH  REFLECTED  PATH 


Antenna  diameter 

45  cm 

250  cm 

Antenna  gain 

36  dB 

50  dB 

Assumed  reflection  loss 

none 

30  dB 

Signal  level  at  antenna 

-46  dbm 

-62  dbm 

Transmission  line  loss 

negligible 

2 dB 

Signal  level  at  receiver 

-46  dbm 

-64  dbm 

Bandwidth 

1 GHz 

1 GHz 

KTB 

-84  dbm 

-84  dbm 

Noise  figure  of  receiver 

12  dB 

8 dB 

Noise  level 

-72  dbm 

-76  dbm 

Signal-to-noise  ratio 

26  dB 

12  dB 

Total  TWT  amplifier  gain 

46  dB 

76  dB 

Filter  loss 

n/a 

2 dB 

Net  gain 

46  dB 

74  dB 

Signal  level  at  detector 

0 dbm 

4 1 0 dbm 

If  the  detector  in  the  direct  path  signal  channel  has  a sensitivity  of  0.  3 mV/ 
u W,  the  minimum  trigger  output  will  be  0.  3 volt. 

I.  the  reflected  path  signal  channel,  video  integration  may  be  used  to  enhance 
the  signal-to-noise  ratio,  particularly  if  interest  develops  in  i •-'flection  los se s 
greater  than  30  dB  or  baseline  distances  greater  than  six  kilometers. 

The  signal  levels  given  above  assume  normal  propagation  through  the  atmos- 
phere. Abnormal  propagation  conditions  are  discussed  in  Section  3.3.7. 
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Data  Display  and  Recording 

The  direct  signal  from  the  transmitter  will  trigger  the  display  oscilloscope 
and  will  serve  as  a zero  time  reference  for  the  data  processor,  as  shown  in  Figuie 
40.  The  signals  reflected  from  the  ground,  delayed  for  various  amounts  of  time 
according  to  the  distance  along  the  glistening  surface,  will  appear  as  vertical  de- 
flections on  the  display.  The  receiver  path  geometry  is  shown  in  Figure  41;  for 
a six  kilometer  baseline,  a 300  meter  transmitter  height,  and  a 3 meter  receiver 
height,  the  time  difference  between  the  direct  and  reflected  signals  varies  from  one 
nanosecond  to  one  microsecond.  A sketch  of  the  corresponding  display  is  shown  at 
the  bottom  of  Figure  41  . Since  the  receiving  antenna  height  is  not  very  great, 
the  specular  reflection  point  (minimum  time  difference)  is  close  to  the  receiver, 
well  within  the  region  where  the  receiving  antenna  elevation  angle  rather  than  the 
time  difference  is  used  for  range  resolution.  Foi  reflection  points  further  from 
the  receiver  than  the  specular  point,  the  time  difference  is  a monotonically  in- 
creasing, but  highly  non-linear  function  of  distance.  If  the  horizontal  axis  of  the 
display  is  linear  with  time,  the  four  tic  marks  shown  on  the  display  baseline  in 
Figure  41  correspond  to  horizontal  distances  from  the  receiver  of  1/2.  3/4. 

7/8,  and  . 93  of  the  total  receiver -to-transmitter  distance.  Distances  beyond 
the  .95  point  begin  to  fall  into  the  illumination  null  of  the  transmitting  antenna 
(see  Section  3.2.2),  so  in  practice,  the  region  of  the  display  to  the  right  of  the 
. 95  mark  will  usually  be  eliminated  and  the  rest  expanded  to  fill  the  display. 

The  display  circuitry  will  be  designed  to  give  the  operator  the  choice  of  making 
the  horizontal  axis  linear  with  time  or  with  distance. 

A sampling  system  will  be  used,  in  order  to  permit  the  waveform  out  of  the 
detector  to  be  analyzed  with  one  nanosecond  resolution,  with  reasonable  bandwidth 
requirements  for  the  display  and  for  the  data  digitizing  and  recording  circuitry.  A 
commercial  oscilloscope,  sampling  plug-in,  and  sampling  head  will  be  bought,  but 
the  sampling  plug-in  will  be  modified  to  permit  considerable  flexibility  in  the  se- 
quence of  sampling  delay  times  and  to  allow  a number  of  returns  to  be  integrated, 
if  desired,  for  improved  signal-to-noisc  ratio. 


76 


T ransmitter 


Receiver 


6 km 


METERS 

Transmitter  Height  (h^) 

300 

600 

Direct  Path 

6007. 34625 

6029.62760 

Shortest  (Specular)  Reflected  Path 

6007.64589 

6030. 22462 

Longest  Reflected  rath 

6300. 00075 

6600. 00075 

1 nanosecond  -*  0.  3 m (for  one-way  path) 

RECEIVER  PATH  GEOMETRY 
(Flat  Earth) 


-r 


1000  ns 


DISPLAY  (h  = 300  m ) 


Figure  41.  Delay  Geometry  and  Display 


The  amplifier,  A/D  converters,  and  digital  tape  recorder  will  lie  standard 
commercial  items.  The  antenna  azimuth  and  elevation  position  information  may  be 
generated  in  digital  form  directly,  rather  than  using  servos  and  A/D  converters  as 
indicated  in  Figure  40  . Transmitter  position  information  will  be  put  in  digitally 
or  verbally  (see  Section  3.  3.  6),  and  a track  will  be  provided  for  any  verbal  com- 
ments that  may  be  useful  during  the  subsequent  analysis  of  the  data.  W c will  design 
a data  processor  to  accept  the  various  inputs  and  put  them  into  suitable  form  for 
the  tape  recorder. 

A more  detailed  discussion  of  the  proposed  data  display  and  recording 
equipment  is  given  in  Appendix  G. 


3.2.4  Support  for  Transmitter 

A number  of  means  of  supporting  the  transmitter  at  the  required  altitudes 


have  been 

considered  and  investigated: 

1. 

Towers,  tall  buildings 

2. 

Helicopter 

Tethered  balloon 

4. 

Kytoon 

5. 

Kite 

6. 

Tethered  helicopter 

Towers  and  Buildings 

Towers  and  tall  buildings  could  provide  a very  low  cost  support  for  the 
transmitter  (assuming  that  appropriate  arrangements  could  be  made  with  the  owners 
of  suitable  buildings)  and  the  transmitter's  position  in  space  could  be  more  firmly 
fixed  and  more  readily  determined  than  with  any  other  kind  of  support.  Measure- 
ments could  be  made  day  or  night  and  in  any  reasonable  conditions  of  wind  or 
weather.  However,  the  restriction  on  kinds  of  terrain  to  be  measured  to  those  in 
the  vicinity  of  suitable  buildings  is  so  severe  a limitation  that  little  if  any  use  will 
likely  be  made  of  this  approach.  (There  is  also  the  possibility  that  reflections  from 
the  building  structure  or  from  nearby  ouildings  could  cause  unplanned  multipath.  ) 
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Helicopter 

A helicopter  can  be  taken  almost  anywhere  and  can  operate  at  any  altitude  we 
may  require.  Unlike  balloons  or  kites,  it  requires  no  tether.  This  makes  its  use 
virtually  mandatory  when  measurements  are  being  taken  at  or  near  an  airport, 
since  it  can  respond  quickly  to  a command  from  the  control  tower  to  clear  the  area; 
any  tethered  device  at  600  meters  would  require  several  minutes  to  be  brought  down. 
When  measurements  of  the  ocean  as  a glistening  surface  are  being  made,  the 
Stilwell  process  may  be  used  to  determine  the  state  of  the  surface  at  the  time 
(sec  Appendix  F).  Since  this  would  require  the  use  of  a helicopter  for  taking  aerial 
photograohs,  it  may  well  prove  feasible  to  use  the  same  helicopter  to  support  the 
transmitter. 


The  chief  disadvantage  of  the  use  of  a helicopter  is  its  high  cost  - approxi- 
mately $125  per  hour  over  land  and  $200  per  hour  over  water.  Also,  it  is  diffi- 
cult for  a helicopter  to  hover  in  one  spot  in  space,  though  it  can  be  done  for  a 
short  time  if  the  wind  is  steady  and  not  too  strong  or  too  weak.  It  is  possible,  in 
theory,  for  a helicopter  with  a load  hung  at  some  distance  below  it  to  fly  in  a small 
circle  at  a constant  speed  in  such  a way  that  the  load  will  remain  near  the  vertex 
of  a cone  swept  out  by  the  line  supporting  it  and  will  move  in  a much  smaller  circle 
than  the  helicopter.  This  maneuver  is  sensitive  to  the  weight  of  the  load,  the 
length  of  the  supporting  line,  the  speed  of  the  helicopter  and  the  radius  of  the 
circle  it  flies,  as  well  as  ambient  wind  effects.  Ther°  is  little  practical  exper- 
ience to  indicate  what  success  might  be  expected.  If  it  turns  out  not  to  be 
practical  to  hold  the  transmitter  fixed  in  space,  an  acceptable  alternative  is 
to  fly  it  along  slowly  over  a fixed  visible  reference  point  on  the  ground  (or  a 
boat  at  sea)  keeping  a constant  altitude.  Either  the  pilot  or  a ground  observer 
at  the  reference  point  will  communicate  with  the  receiver  site  when  the  trans- 
mitter is  directly  above  the  reference  point  and  a data  run  will  be  recorded  at 
that  time. 

Use  of  a helicopter  requires  reliable  two-way  ground-to-air  communica- 
tions. Operation  is  not  practical  at  night  or  during  conditions  of  severe  wind 
or  weather,  but  these  are  probably  not  important  limitations. 
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Tethered  Balloon 

A tethered  balloon  which  depends  on  buoyancy  alone  for  lift  would  have  to  be 
very  large  in  order  not  to  blow  down  in  the  winds  that  generally  prevail  at  one  or 
two  thousand  feet.  Such  a balloon  would  be  expensive;  it  would  require  a crew  of 
several  people  to  handle  it,  and  it  would  consume  a large  quantity  of  helium  each 
time  it  was  flown.  FAA  requirements  for  banners  on  the  tether  lines  in  daylight 
and  lights  at  night  would  have  to  be  observed.  This  approach  can  be  considered  to 
be  ruled  out  unless  some  new  considerations  justify  reconsidering  it. 


Kytoon 

This  is  Dewey  and  Almy's  company  tradename  for  a small  tethered  balloon 
with  an  aerodynamic  shape  which  depends  on  wind  as  well  as  buoyancy  for  devel- 
oping lift.  It  is  a low  cost  device  and  should  be  comparatively  easy  to  store,  in- 
flate, launch  and  maneuver.  It  is  just  about  small  enough  to  be  exempt  from  FAA 
requirements.  It  is  launched  with  no  payload;  when  it  is  up  a few  hundred  feet  and 
in  a steady  wind  which  gives  it  sufficient  lift,  the  payload  is  attached  to  the  tether 
and  it  is  sent  up  until  the  payload  is  at  the  required  height. 

The  "Kytoon"  may  be  considered  for  possible  use  when  there  is  a strong 
steady  wind  aloft  but  too  little  wind  at  ground  level  to  launch  a kite. 

Kite 

There  are  kites  of  advanced  design,  such  as  the  Jalbert  "Parafoil",  which 
are  capable  of  supporting  loads  considerably  heavier  than  our  transmitter /antenna, 
when  there  is  a suitable  wind.  This  is  generally  true  at  the  altitudes  at  which  we 
wish  to  operate.  Enough  wind  at  ground  level  to  permit  launching  is  required;  a 
kite  would  be  launched  with  no  load  and  the  load  would  he  attached  to  the  flying  line 
when  the  kite  was  at  a sufficient  height  to  assure  reliable  lift.  This  is  a very  low 
cost  device  and  might  well  be  brought  along  for  use  in  place  of  more  expensive 
means,  when  conditions  are  right  for  it. 


Tethe  red  I lelic  °Pter 

A small  unmanned  tethered  helicopter  should  be  able  to  provide  a great  deal 
more  lift  than  a non-aerodynamic  balloon,  for  a given  horizontal  cross-sectional 
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area,  with  considerably  less  bulk  and  presenting  a much  smaller  profile  to  hori- 
zontal winds.  In  the  winds  that  prevail  aloft,  it  should  be  able  to  keep  its  tether 
line  more  nearly  vertical  than  any  balloon  or  kite  can,  possibly  making  it  feasible 
to  establish  the  location  of  the  transmitter  in  space  with  sufficient  accuracy  merely 
by  running  the  tether  out  through  a footage  counter  from  a known  location  on  the 
ground.  Presumably,  the  tether  would  comprise  two  insulated  conductors  to  per- 
mit the  rotor  and  the  counter-rotation  propeller  to  be  electrically  powered.  Alter- 
natively, it  might  prove  feasible  to  use  a liquid  fuel  motor,  with  the  helicopter 
carrying  enough  fuel  for  an  hour  or  so  of  operation,  after  which  it  would  be 
brought  down  for  refueling. 

So  far,  insufficient  information  relative  to  this  approach  has  been  obtained  to 
permit  an  evaluation  of  its  practicality.  It  seems  likely  that  there  would  be 
severe  problems  with  aerodynamic  and  rotational  stability. 

Summary 

A helicopter  (with  a pilot)  will  almost  certainly  be  chosen  to  support  the 
transmitter  when  measurements  are  being  taken  at  airports.  It  will  probably  be 
used  for  ocean  surface  measurements  as  well.  For  making  measurements  over 
land  and  away  from  airports  - particularly  in  remote  areas  - a parafoil  or  a Kytoon 
or  even,  in  some  cases,  a parafoil  hauled  aloft  by  a Kytoon  and  then  set  free,  would 
appear  to  offer  a rather  attractive,  convenient  and  economical  alternative  to  a 
helicopter  as  a means  of  flying  the  transmitter.  It  might  turn  out  to  be  practical 
to  use  such  a tethered  device,  flown  from  a boat,  for  ocean  measurements  as  well. 

3.  2.  5 Receiving  Equipment  Vehicle  (s) 

The  vehicle(s)  for  housing  and  transporting  the  receiving  equipment  should  be 
capable  of  being  driven  over  many  kinds  of  terrain.  A particular  problem  is  opera- 
tion on  a sandy  beach  for  low- sited  ocean  surface  measurements.  During  measure- 
ments the  main  receiving  antenna  (2  1/2  meters  in  diameter)  must  be  supported 
with  its  center  three  or  four  meters  above  the  ground.  In  transit  it  should  be 
possible  to  negotiate  any  underpass  that  is  likely  to  be  encountered.  A rather  ex- 
pensive solution  to  these  difficult  problems  was  found  some  years  ago  when  the 
AN/MFS-34  was  designed  and  built.  This  is  a semi-trailer  van  with  top  panels 
near  the  rear  which  fold  back  and  a pedestal  on  an  elevator  mechanism  to  which  a 
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CPS-9  weather  radar  antenna  was  mounted,  so  that  it  could  be  raised  for  operation 
and  lowered  for  transit.  Three  of  these  vans  were  built  and  equipped.  They  are 
government  property  and  are  presently  at  White  Sands;  although  it  appears  that  one 
of  them  might  readily  be  made  available  for  use  in  the  multipath  program,  it  is  it  ui_1 
larger  than  would  actually  be  needed  and  it  is  doubtful  that  it  could  be  satisfactorily 
adapted  for  this  project.  Other  possibilities  are  a military  six-by-six  (GFL)  witn 
a suitable  body  added,  or  a large  commercial  van  or  truck,  probably  with  four-wheel 
drive.  Adding  an  antenna  erection  mechanism  to  such  a vehicle  appears  to  pose  a 
number  of  problems,  particularly  in  relation  to  stability  on  the  road  and  during 

operation. 

An  alternative  to  a single  vehicle  is  the  use  of  separate  vehicles  for  housing 
and  operating  the  equipment  and  for  transporting  and  erecting  the  antenna.  The 
latter  could  be  a low  trailer  - perhaps  a modified  large  boat  trailer  - with  a 
mast  upon  which  the  antenna  and  its  pedestal  would  be  swung  up  and  down  about  a 
horizontal  pivot,  or  it  could  be  a large  forklift,  with  a bracket  for  the  antenna 
pedestal  replacing  the  fork,  which  would  move  the  antenna  up  and  down  along  a 
straight  vertical  line  of  motion.  The  forklift  would  be  mechanically  independent  of 
the  equipment  vehicle,  permitting  the  latter  to  be  a lightweight  van  or  four-wheel 
drive  station  wagon.  For  long  distance  highway  transit,  the  forklift  would 
have  to  be  hauled  on  a low  trailer,  but  once  at  a selected  site,  it  would  permit 
moving  the  antenna  about  with  maximum  mobility  and  minimum  risk  from  one 
location  to  another,  to  take  advantage  of  the  varieties  of  terrain  and  sighting  a-gles 
which  might  be  available  in  the  vicinity.  Because  of  its  weight,  the  forklift  would 
minimize  the  need  for  sway  braces  or  guying  cables.  For  operation  on  a beach, 
however,  it  would  probably  require  that  mats  be  laid  down  for  it  to  run  on. 

The  various  possibilities  will  be  evaluated  in  detail  early  in  Phase  II  to 
permit  timely  specification  and,  procurement  of  suitable  vehicles. 

3.  2.  6 Miscellaneous  Accessory  Equipment 

A number  of  pieces  of  accessory  equipment  will  be  required.  These 
inch  de: 

1.  Equipment  for  communication  among  the  receiving  site, 
a reference  point  below  the  transmitter,  a helicopter,  an 
airport  control  tower,  and  a horizon  check  point,  as  required. 
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2.  Equipment  for  establishing  the  location  in  space  of  the  trans- 
mitter. (See  Section  3.  3.  6) 

3.  Equipment  for  checking  the  refractive  index  of  the  air.  (See 
Section  3.  3.  7) 

4.  Helium  tanks,  pressure  regulator,  valves,  etc.  , if  a lighter-than- 
air  device  is  used. 

5.  Motor -generator  set  for  operation  away  from  public  power. 

3.  3 Measurement  Approach 

Ideally,  initial  measurements  would  be  made  over  a section  of  terrain 
three  to  eight  kilometers  long  and  smooth  within  a quarter  wavelength.  (At  Ku- 
band  this  corresponds  to  a surface  roughness  not  exceeding  about  half  a centimeter. 
Cement  or  asphalt  probably  qualify  but  it  is  doubtful  that  anything  in  nature  does*; 
large  bodies  of  water,  for  instance,  have  waves.  ) Following  that,  measurements 
would  be  made  over  similar  uniform  expanses  having  graded  degrees  of  roughness, 
for  which  accurate  theoretical  predictions  could  be  made.  If  analysis  of  this 
experimental  data  gave  results  which  generally  conformed  to  theory  (e.  g.  , the 
width  of  the  glistening  surface  increasing  with  increasing  roughness  as  predicted, 
etc.  ) this  would  provide  a basis  for  confidence  that  subsequent  measurements 
of  more  complicated  terrain  could  provide  new  information  not  readily  derived 
from  existing  theory.  The  theory  might  then  be  refined  and  extended,  and  new 
predictions  made,  to  be  tested  by  further  measurements.  Thus  a body  of  know- 
ledge would  be  built  up  for  use  by  designers  and  users  of  future  radar  systems. 

In  practice,  such  a range  of  ideal  terrain  may  not  be  available.  For  the 
initial  measurement,  however,  airport  runways  approach  the  ideal  for  smooth- 
ness and  for  overall  flatness.  Our  measurements  could  hardly  be  carried  out 
at  a busy  airport  because  of  intolerable  mutual  interference  between  our  activi- 
ties and  the  activities  incident  to  normal  airport  operation.  There  are,  how- 
ever, two  former  Air  Force  bases,  Otis  Field  and  Westover  Field,  which  are 
within  a two  hour  drive  of  Raytheon's  Wayland  Laboratory  and  where  the  current 
level  of  activity  (Air  National  Guard,  Coast  Guard,  etc.  ) is  such  as  to  permit 
considerable  periods  of  time  in  which  measurements  can  be  taken. 


*For  a possible  exception,  see  Section  3.  3.  5. 
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We  have  visited  both  of  these  bases,  to  assess  the  suitability  of  the 
runways  and  of  the  adjacent  terrain  for  our  measurements  and  to  make  initial 
contacts  with  the  officers  in  charge  of  flight  activities.  We  also  visited  the 
Race  Point  Coast  Guard  Station,  near  Provincetown,  Mass.  , with  a view  to 
using  the  adjacent  beach  for  an  ocean  surface  measurement  with  a low  sited 
receiver  and  then  going  to  a nearby  cliff  at  Highland  Light  in  North  1 ruro  tor 
an  ocean  measurement  with  a high  sited  receiver.  Our  reception,  on  all  of 
these  visits,  was  cordial  and  cooperative.  Considerable  interest  was  shown 
in  our  proposed  experiments,  particularly  as  they  ultimately  relate  to  air 
safety  (GCA,  etc.). 

3.  3.  1 Power  Level  Calibration 

For  all  measurements  regardless  of  terrain  complexity  or  sea  conditions, 
accurate  calibration  of  received  power  level  is  very  important.  Measured  power 
level  will  be  referenced  to  the  direct  path  signal  by  pointing  the  receiving  antenna 
at  the  source  be'orc  the  start  of  the  measurement  series  and  periodically  between 
sequences . 

To  obtain  a calibration  power  level  measurement,  the  antenna  will  be  pointed 
at  the  source  and  manually  adjusted  in  elevation  and  azimuth  until  maximum  pulse 
power  is  received.  The  received  power  level  will  be  recorded  or  an  attenuator 
will  be  set  so  that  the  receiver  output  is  at  a predetermined  reference  value. 

Next  the  antenna  will  be  positioned  to  the  elevation  desired  for  the  measure- 
ment sequences  end  reflector  pulse  amplitude  levels  recorded  as  a function  of 
time  as  discussed  in  Section  3.2  . 

Since  several  factors  can  change  the  calibration  level,  such  as  variations 
in  transmitter  output  power,  drift  of  transmitter  position,  and  changes  in  trans- 
mitting antenna  orientation  due  to  wind,  frequent  calibration  checks  may  be  neces- 
sary. Therefore,  at  the  first  measurement  site,  particular  attention  will  be  paid 
to  evaluating  the  frequency  of  calibration  checks  needed.  It  may  be  that  conditions 
will  normally  be  stable  enough  to  require  only  infrequent  calibration.  Should  the 
opposite  be  true,  however,  the  equipment  will  be  capable  of  performing  power 
calibration  before  each  measurement  series.  Since  each  scries  will  require  only 
a few  seconds  to  complete,  maintenance  of  adequate  calibration  over  such  a 
sequence  should  be  easy  to  guarantee. 
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3.3.2  Terrain  Measurements 
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The  longest  stretches  of  pavement  at  the  air  bases  (including  the  work-  ' 

ing  runways  themselves  and  the  paved  overrun  areas  at  either  end)  are  about 

2.  9 km  at  Otis  and  about  4.  1 km  at  Westover.  Adjacent  to  the  runways  at  both 
Otis  and  Westover,  there  are  areas  of  mowed  field  grass  which  are  nearly  as 
flat  (though  not  as  smooth)  as  the  runways  themselves  and  which  extend  over  a 
somewhat  greater  clear  distance  --  about  3.  7 km  at  Otis  and  about  4.  8 km  at 
Westover.  With  proper  scheduling,  it  should  be  possible  to  make  measurements 
of  a grassy  area  before  and  after  mowing,  to  show  the  effect  of  varying  the 
vegetation  factor. 

We  expect  to  start  measurements  in  the  Spring  of  1975,  as  soon  as  the 

► snow  is  gone.  Hence,  although  Westover  offers  the  possibility  of  longer  maxi- 
mum baseline  distances,  the  first  measurements  will  probably  be  made  at  Otis 
where,  because  of  its  proximity  to  the  ocean,  it  will  likely  be  free  of  snow  long 
before  Westover  is.  The  generally  milder  weather  at  Otis  will  be  helpful  during 
the  time  when  we  are  becoming  accustomed  to  using  the  equipment  in  the  field  and 
are  developing  the  skills  required  for  rapid  and  effective  deployment  and  operation. 

► After  Otis,  we  will  make  measurements  at  Westover,  and  then  at  a number  of 
other  locations,  offering  terrain  of  increasing  complexity. 

If  it  is  feasible  to  plan  return  visits  to  Westover  during  the  winter  of  1975- 
76  on  a flexible,  fast-response  basis,  it  might  be  possible  to  obtain  measurements 
of  a long  flat  expanse  of  new-fallen  snow  of  various  depths,  before  the  plows  arrive. 

3.  3.  3 Physical  Description  of  Terrain 

In  order  to  correlate  the  Ku-baid  measurements  with  the  actual  physical 
features  of  any  terrain  over  which  measurements  are  taken,  it  will  be  necessary 
to  acquire  independent  information  on  the  physical  configuration  of  the  terrain. 

Information  on  existing  maps  is  inadequate  (e.  g.  , elevation  contours  at  ten 
foot  intervals)  and,  in  some  cases,  out  of  date.  We  will  rely,  for  the  most 
part,  on  aerial  photogrammetric  surveys,  which  can  be  produced  by  Raytheon 
Equipment  Division's  Autometric  Operation  --  conveniently  located  at  our 
Wayland  Laboratory.  The  output  of  such  a survey  will  be  a set  of  photomaps, 
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rectified  for  accurate  location  of  details  hori7ontally  with  superimposed  eleva- 
tion contours  at  one  foot  intervals.  This  information  may  be  supplemented, 
in  some  cases,  by  information  acquired  at  ground  level  (e.  g.  , inclinometer 
readings  at  certain  locations,  verbal  descriptions  of  vegetation,  etc).  A de- 
scription of  the  photogrammetric  survey  process  is  given  in  Appendix  D. 

3.3.4  Ocean  Surface  Measurements 

Measurements  of  reflectivity  from  the  surface  of  the  ocean  under  condi- 
tions ranging  from  calm  to  stormy  will  be  of  interest.  These  will  be  taken  in 
much  the  same  way  as  terrestrial  measurements,  with  the  transmitter  taken 

aloft  by  a helicoptor  or  a tethered  lifting  device  at  a suitable  baseline  distance 
out  over  the  ocean  and  the  receiver  set  up  on  the  beach  or,  for  a high  sited 
measurement,  on  a cliff  overlooking  the  ocean.  If  a tethered  device  is  used 
to  fly  the  transmitter,  a boat  will  be  required;  if  a helicopter  is  used,  a boat 
may  still  be  needed  to  give  the  helicopter  pilot  a visible  point  of  reference  to 
fly  or  hover  over,  and  perhaps  to  serve  as  an  observation  post  for  transmitter 
location  measurements  (see  Section  3.  3.  6). 

3#  3#  5 physical  Description  of  Ocean  Surface 

Independent  information  on  the  physical  configuration  of  the  ocean  sur- 
face when  the  reflectivity  measurement  is  being  taken  can  be  obtained  in  a num- 
ber of  ways.  The  Joint  North  Sea  Wave  Project  (JONSWAP)  in  which  Raytheon 
Equipment  Division's  Advanced  Development  Laboratory  is  participating,  has 
brought  to  bear  on  this  problem  a number  of  diverse  techniques  (four -frequency 
radar,  laser  profilometer,  aerial  photographs  analyzed  by  the  Stilwell  process  , 
aerial  stereo  photographs,  underwater  laser  sensors,  waverider  buoys,  pitch 
and  roll  buoys,  underwater  pressure  sensors,  wave  staff  arrays,  white  cap 
density  analysis2  etc.  )3.  A joint  JPL/Univ.  of  Miami/ Raytheon  air-sea  inter- 
action experiment,  planned  for  this  fall,  and  a third  JONSWAP  effort,  to  be 


1 See  References  6 and  8,Appendix  F_ 

2 See  Reference  7 

3 Brief  summary  treatments  of  several  of  these  techniques  are  given 
in  Reference  5 
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mounted  in  the  Summer  of  1975,  may  provide  furth*  r information  of  interest  to 
us;  meanwhile,  we  have  concluded  on  the  basis  of  information  presently  avail- 
able that  the  Stilwell  process  can  provide  more  useful  information  more  economi- 
cally than  any  other  approach. 

The  Stilwell  process  is  the  only  means  by  which  information  for  the  en- 
tire glistening  surface  can  be  obtained  instantaneously  (by  taking  a single  photo- 
graph from  a height  of  20,  000-30,  000  feet).'  Since  most  of  the  Ku-band  data 
(for  a single  azimuth  position)  can  be  taken  in  less  than  a millisecond,  this  per- 
mits a direct  comparison,  assuming  that  a radio  link  can  provide  suitable  syn- 
chronization and  that  an  independent  means  of  flying  the  transmitter  is  avail- 
able. Only  the  low-frequency  (gravity)  waves  can  be  analyzed  from  such  a 
long  range  photograph.  A statistical  evaluation  of  the  fine  structure  of  the  high- 
* frequency  (capillary)  waves  can  be  obtained  from  a series  of  overlapping  photo- 

graphs taken  at  a much  lower  altitude  and  this  will  permit  comparison  with  a 
statistical  analysis  of  a number  of  runs  of  Ku-band  data. 

Our  Advanced  Development  Laboratory's  Electro-optics  Department  can 
make  available  the  laser  and  optical  bench  equipment  and  the  engineering  assis- 
tance needed  to  make  Fourier  transform  transparencies  from  the  sea  surface 
photographs,  as  required  for  the  Stilwell  process.  Autometrics  can  scan  the 
transparencies,  using  a microdensitometer,  and  store  the  digitized  output  on 
magnetic  tape  for  subsequent  data  analysis.  For  selected  cases,  the  original 
sea  photo  transparencies  can  be  similarly  scanned  and  the  resulting  digital  out- 
put processed  through  an  FFT  (fast  Fourier  transform)  computer  code  for  direct 
comparison  with  the  optical  transform  results. 
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For  best  1 1: s ults  with  the  Stilwell  process,  photographs  should  be  made  early 
in  the  morning  locking  toward  the  west  or  late  in  the  afternoon  looking  toward  the 
east.  Near  the  tip  of  Cape  Cod  in  Massachusetts,  it  is  possible  to  find  belches  in 
close  proximity  which  provide  views  over  long  uninterrupted  expanses  of  ocean 
looking  either  east  or  west.  Hence,  this  is  an  ideal  area  for  initial  ocean  mea- 
surements. 

When  the  ocean  surface  is  too  rough  for  effective  use  of  the  Stilwell  process, 
other,  less  accurate,  means  of  describing  it  will  have  to  be  used,  such  as  white - 
cap  density,  wave  height  estimates  by  experienced  observers,  etc. 

3.  3.  b Saltmarsh  Measurements 

Located  conveniently  close  to  the  sites  selected  for  ocean  surface  measure- 
mi  nts  (e.  g.  , between  Herring  Cove  and  Race  Point  in  Provinc clown)  broad  ex- 
panses of  saltmarsh  may  be  found.  Such  an  area  provides  unique  measurement 
possibilities.  At  high  tide,  it  may  be  rather  like  open  water,  with  very  little 
vegetation  protruding  above  the  surface.  I he  marsh  grass  below  the  surface, 
however,  suppresses  wave:  and  makes  the  surface  smoother  than  a similar  ex- 
panse of  open  water  would  be.  At  low  tide,  it  may  look  rather  like  a field  of  grass, 
but  with  the  mud  beneath  providing  a wide  range  of  moisture  content  over  a rela- 
tively short  period  of  time.  On  solid  land,  measurements  of  a given  area  with  a 
full  range  of  vegetation  heights  may  require  repeated  visits  over  a period  of  sever- 
al months;  in  a tidal  marsh  the  full  range  of  effective  vegetation  heights  recurs 
in  twelve  and  half  hours  cycles. 


3.  3.  7 Transmitter  Location  Measurements 

Transmitter  location  accuracy  requirements  are  discussed  in  Section  3.  1.4. 
The  errors  in  locating  a ground  reflection  point  which  result  from  errors  in  Plea- 
suring the  transmitter  location  vertically  or  b iri/ontally  (longitudinally  toward 
or  away  from  the  receiver  or  transversely)  are  a function  of  the  range  of  the  re- 
flection point  from  the  receiver.  For  a reflection  point  directly  below  the  trans- 
mitter, the  ratio  between  the  error  in  reflection  point  location  (longitudinally  or 
transversely)  and  the  corresponding  horhmrLH  error  in  transmitter  location  is 
unity;  for  reflection  points  closer  to  the  receiver,  the  error  in  eflection  point 
dec  r eases  - - linear  ly  for  transverse  errors  and  in  accordance  with  the  curve  shown 

in  Figure  34  for  longitudinal  errors. 
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However,  for  vertical  errors  in  transmitter  location,  there  is  a longitudinal 
error  in  reflection  point  which  is  quite  small  directly  below  the  transmitter  and 
increases  to  a maximum  near  the  midpoint  of  the  baseline,  as  shown  in  Figures  30 
through  33.  If  the  elevation  angle  of  the  transmitter  as  seen  from  the  receiver  site 
is  limited  to  no  less  than  one  degree,  then  the  ratio  of  longitudinal  reflection  point 
error  to  vertical  transmitter  location  error  will  not  exceed  about  30. 

It  follows  that  horizontal  errors  in  transmitter  location  of  50  or  even  100 
meters  are  quite  tolerable,  but  the  vertical  location  should  be  correct  within  three 
or  four  meters.  If  the  transmitter  is  suspended  from  a helicopter,  the  pilot  can 
determine  his  altitude  with  a surveying  altimeter  (set  to  zero  at  ground  level)  to 
within  about  one  meter  and  the  length  of  the  line  between  the  helicopter  and  the 
transmitter  can  be  accurately  known.  If  a balloon  or  kite  is  used,  it  may  prove 
practical  to  release  the  tether  through  a mechanical  measuring  device  (footage 
counter)  and  correct  for  tether  angle  as  seen  by  an  observer  looking  transverse  to 
the  wind  direction. 

Commercial  theodolites  have  more  than  adequate  angular  accuracy  to  deter- 
mine the  azimuth  angle  and  the  height  (given  the  distance)  of  the  transmitter  from 
the  receiver  site.  Two  theodolites  with  a suitable  separation  could  determine  the 
transmitter  location  completely,  if  independent  distance  information  were  lacking. 
Raytheon's  Special  Microwave  Devices  Operation  can  supply  a laser  distance 
measuring  device  on  a mount  with  digital  distance  and  angular  axis  position  read- 
outs, which  permit  the  location  of  the  transmitter  to  be  completely  determined 
from  a single  location  with  a single  instrument.  Much  less  expensively,  a the- 
odolite and  an  electronic  distance  measuring  device  can  be  used  alternately  on  the 
same  mount  to  give  complete  information  from  a single  location. 

Although  the  angular  accuracy  of  available  devices  is  adequate  to  permit  them 
to  determine  the  transmitter's  location  by  manually  tracking  it  from  the  receiver 
site,  it  may  be  difficult,  at  the  maximum  ranges  contemplated,  to  initially  locate 
the  transmitter  in  the  field  of  view.  The  procedure  then  would  be  to  establish 
observation  stations  at  one  or  two  locations  on  the  baseline  fairly  close  to  the 
transmitter.  Position  data  would  be  given  to  an  operator  at  the  receiver  site  by 
radio  and  he  would  digitize  it  manually,  using  thumbswitches,  for  processing  and 
recording. 
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3.  3.  8 Propagation  \nomalies 

Under  normal  undisturbed  conditions,  ihere  is  a single  unique  direct  signal 
path  and  each  reflecter.  signal  path  involves  a single  reflection  from  the  uround 
or  ocean  surface  (or,  at  least,  no  multiple  reflections  from  widely  separated 
areas).  These  signal  paths  deviate  from  straight  lines  only  by  the  slight  curva- 
ture which  results  from  the  normal  vertical  gradient  of  the  atmospheric  index 
of  refraction.  This  curvature  has  the  effect  of  extending  the  microwave  horizon 
beyond  the  geometric  horizon  as  if  the  effective  radius  of  the  earth  were  greater 
than  its  actual  radius;  a commonly  used  model  assumes  a four/tlnrds  earth  radius, 
and  that  was  the  model  used  in  the  calculations  in  Section  3.  1. 

However,  there  are  known  to  be  propagation  anomalies  (fading,  ducting, 
scintillation,  etc.  ) under  conditions  associated  with  irregular  tropospheric  grad- 
ients of  index  of  refraction.  Such  disturbances  are  more  likely  to  occur  near 
the  ocean  than  far  inland.  Under  extreme  conditions,  they  could  result  in  fading 
of  the  direct  or  reflected  signals,  in  more  than  cne  "direct"  signal,  or  in  spur- 
ious multiple  reflected  signals.  Under  less  extreme  conditions,  they  could  still 
change  the  curvature  of  the  propagation  paths  sufficiently  to  markedly  modify  the 
position  of  the  microwave  horizon  and  to  cause  errors  in  the  reflection  points 
associated  with  the  measured  time  differences  between  direct  and  reflected  signal 
paths.  An  example  is  given  in  Appendix  E,  in  which  it  appears  that  a (list.  rbance, 
sufficient  to  affect  the  mienwave  horizon  drastically,  produced  reflection  point 
rcin^jG  errors  of  less  ths.n  50  meters* 

For  the  relatively  short  signal  paths  and  low  altitudes  involved  in  the  pro- 
posed reflectivity  measurements,  disturbances  which  might  cause  serious 
reflection  point  errors  are  not  expected  to  occur  often.  Three  things  * ill  be  done 
to  detect  such  conditions  if  and  when  they  do  occur: 

1.  When  the  main  antenna  is  pointed  directly  at  the  transmitter 

to  establish  a reference  signal  level,  it  will  be  held  in  that  position 
long  enough  to  permit  observation  of  any  fluctuations  which  migh 
indicate  shifting  tropospheric  disturbances.  When  it  is  pointed  down 
to  receive  reflected  signals,  the  level  of  the  direct  signal  received 
by  the  auxiliary  antenna  will  be  similarly  monitored. 

2.  Equipment  (e.g.  . similar  to  that  used  in  a radiosonde)  for  dote  r- 
ing  the  approximate  index  of  refraction  of  the  air  at  ground  level 

“For  further  discussion  of  these  anomalies,  see  References  9,  10,  11,  and  1?.. 
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will  be  used  to  check  for  fluctuations.  So  long  as  there  is  any 
wind  at  ground  level,  variations  of  refractive  index  in  space  are 
likely  to  appear  as  variations  with  time  at  a fixed  location. 

3.  Before  measurements  are  taken,  where  the  terrain  pe rm its,  the 
transmitter  will  be  carried  away  from  the  receiver  in  a vehicle 
or  boat  to  determine  the  distance  to  the  microwave  horizon.* 

Deviations  from  the  normal  distance  will  indicate  abnormal  re- 
fractive index  gradients. 

If  severely  abnormal  conditions  are  observed,  measurements  will  not  be 
taken.  Moderate  disturbances  will  be  noted  and  taken  into  consideration  when  in- 
terpreting the  data.  Disturbances  not  detected  by  the  techniques  described  above 
will  be  an  undifferentiated  part  of  the  statistical  variation  which  will  characterize 
all  of  the  measured  data. 


* If  the  transmitter  were  at  ground  or  sea  level,  there  would  be  too  much 
sensitivity  to  terrain  irregularities  or  nearby  waves.  Actually,  the  transmitter 
will  be  taken  well  beyond  the  horizon  and  then  raised  and  lowered  through  a range 
of  a few  meters  to  determine  the  height  at  which  the  signal  at  the  receiver  appears 
and  disappears.  Given  the  receiver  antenna  height  and  the  receiver-to-trans- 
mitter  distance,  the  effective  horizon  distance  can  then  be  determined. 
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3.  4 Data  Analysis 


Introduction 

The  experimental  data  taken  at  each  site  will  ultimately  >ield  mean 
power  curves  in  decibels  below  the  direct  return  as  a function  of  delay  time,  also 
measured  with  respect  to  the  direct  path.  At  each  site  these  power  curves  will 
be  generated  for  different  receive  beam  positions,  and  mean  scattered  power  will 
be  measured  from  the  resolution  cells  formed  by  the  intersections  along  the  ground 
of  the  narrow  ( ~.  5°)  beam  (for  azimuth  resolution)  and  the  narrow  ( ~1  ns)  pulse 
(for  range  resolution,  except  at  very  close  ranges,  where  the  . 5°  beam  provides 
better  range  resolution).  Typical  beam  depression  angles  and  main  beam  cour- 
age diagrams  are  shown  in  Figure  42  for  a receiver  height  of  4 meters.  As  seen 
from  this  figure,  poor  range  resolution  is  obtained  from  beam  positioning  alone 
for  depression  angles  less  than  abo  it  . 5°  since,  for  such  angles,  the  narrow 
beam  illuminates  a sizeable  portion  of  the  terrain  between  the  source  and  the 
receiver.  A 1-ns  pulse  transmitter  on  the  other  hand,  if  used  as  the  source,  will, 
in  conjunction  with  the  narrow  receive  beam,  provide  the  necessary  resolution 
within  the  ground  coverage  of  the  beam. 


The  computer  simulation  (Section  4)  has  a measurement  mode  which 
was  designed  to  simulate  the  experiment  and  calculates  mean  power  curves  (also 
in  decibels  below  the  direct  return)  as  a function  of  delay  time,  using  the  most 
recent  developments  in  the  multipath  theory  (Section  2 and  Appendix  C).  Efficient 
data  analysis  techniques  will  be  needed  to  compare  the  calculated  data  (curves) 
with  the  measured  data  for  the  purpose  of: 


1.  Refining  and  validating  the  existing  multipath  theory 

2.  Measuring  the  spatial  distributions  of  scattered  power  from 
glistening  surfaces  with  different  terrain  characteristics 

3.  Measuring  reflectivity  coefficients  associated  with  different 
types  of  terrain. 

Two  data  analysis  techniques  are  outlined  in  this  section,  one  for 
rough  terrain  (0^  >;><^»  and  one  for  tcrrain  of  moderate  to  slight  roughness. 

For  a rough  surface,  elementary  patch  powers  will  add,  and  a deterministic 
approach  is  used  in  the  computer  program  to  simulate  the  experimental  results. 
Fo'  moderate  to  slight  roughness,  however,  an  option  is  available  to  monte  carlo 
the  powers  within  a resolution  cell  by  appropriately  defining  the  scattered  field 
distribution  over  the  cell.  The  deterministic  and  Monte  Carlo  modes  require 
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Beam  Coverage  Diagram 


the  definition  of  different  data  analysis  techniques.  Both  techniques  should  be 
applied  to  each  set  of  measured  data  in  an  effort  to  more  accurately  define  the 
criteria  for  the  use  of  the  deterministic  approach  in  lieu  of  the  Monte  Carlo 
process. 


Data  Analysis  - Rough  Surface 

Let  <6  p2)i  denote  the  scattered  power  received  from  the  ith  patch 
within  a particular  resolution  cell.  This  power  is  given  by 


where 


Pr  is  the  direct  power  return  from  the  source 

D.  is  the  divergence  factor  for  the  ith  patch 
1 

|R('l'1)i  . is  the  rms  Fresnel  reflection  coefficient  for  the  ith 
patch  at  an  angle  of  incidence  , 

J is  the  rms  specular  reflection  coefficient  for  the  patch 

1 

2 

F , is  the  diffuse  roughness  factor 
a. 

1 

2 

L is  the  rms  patch  contribution  to  the  normalized,  diffusely 
Pdi 

scattered  power 

gj  is  the  source  power  gain  in  the  direction  of  the  patch 
g^  is  the  receiver  power  gain  in  the  direction  of  the  patch 
g is  the  source  power  gain  in  the  direction  of  the  receiver 
g^Q  is  the  receiver  power  gain  in  the  direction  of  the  source 

Rj,  R^,  R-j  are  defined  in  Figure  3 

^All  equations  in  this  section,  if  not  derived  here,  a^e  discussed  in  Section  2 or 
Appendix  C.  For  the  most  part  they  are  merely  repititions  of  equations  pre- 
viously derived  but  are  repeated  here  for  convenience  to  the  reader. 
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The  first  step  in  correlating  theory  with  data  is  to  select  terrain  (see  Section  3.  3) 

that  is  relatively  uniform  with  respect  to  the  small  scale  roughness  parameters 

0,  and  fi  (rms  surface  height  and  slope,  respectively),  and  which  is  free  from 
n o 

hills  and  other  large  scale  ground  irregularities.  For  such  a site,  the  receive 
beam  can  be  directed  away  from  the  specular  point  to  eliminate  any  specular 
contribution  to  the  reflected  power  from  the  beam/pulse  resolution  cell.  In  this 
case,  the  first  term  inside  the  brackets  in  (3.4.  1)  may  be  dropped  and 


<6p2>.=  Pr[of  |R<ylf  F2  Ap2 

1 1 


(3.4.2) 


Since  Ap,  is  rigorously  derived  in  the  theory  for  a rough  surface  and 
d . 2 

since  no  theoretical  verification  for  the  choice  of  (see  Section  2.  3 and  Appen- 

1 Z 2 

dix  C)  is  given,  it  is  more  appropriate  to  consider  F^  (as  opposed  to  Ap^  ) as 

2 1 1 

the  unknown  in  this  analysis.  AIsq  F^  is  introduced  in  the  theory  to  scale  the 

2 * 

diffuse  contribution  Ap^  according  to  patch  roughness,  and  leads  to  a reduction 

i 

in  the  diffusely  scattered  power  as  the  surface  becomes  smooth.  Within  the 

roughness  restrictions  the  theoretical  model,  (that  i^  accepting  the  hypothesis 

that  surface  roughness  can  indeed  be  defined  in  terms  of  the  small  scale  rough- 

2 

ness  parameters  a^,  wavelength  X,  and  the  reflection  angles  'i  ^ and  ^)  F^ 

may  be  considered  constant  within  the  resolution  cell  since  the  terrain  in  the 

cell  is  chosen  uniformly  in  the  parameters  (3q  ando^,  ant  since  the  glisterning 

surface  is  quite  narrow,  suggesting  little  variation  in  . , and  lit  - over  the  resolution 

2 l c 

cell.  Accordingly  the  subscript  i on  the  F^  term  in  (3.4.2)  is  dropped  with 
the  result: 


< 


bp)i  = 


p,  ap2 

1 


(3.4.  3) 
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In  view  of  equation  (3.4.  3),  the  total  mean  scattered  power  from  a resolution 
cell  is  given  as 


> y\ d2 

r ^ 1 


R ( vj) 


(3.4.  4) 


from  which  the  expression 
2 


kk. 


d"  pr^[DfiR(,i,ifio^] 

^ 2 

is  obtained  for  the  roughness  factor  F(j  and  a given  resolution  cell. 


(3.  4.  5) 


The  measured  power  from  the  resolution  cell,  when  substituted  into 

(3.4.5)  will  yield  a measured  roughness  factor  as  a function  of  the  dimension?-  of  the 

subpatches  within  a resolution  cell.  Reducing  the  es  of  these  subpatches  until 

the  summation  in  the  denominator  of  (3.4.  5)  is  constant  defines  the  patch  sizes 

2 

needed  for  the  determination  of  the  measured  roughness  factor  issociated  with 
the  resolution  cell  in  question^. 


Consider  a ground  patch  (the  larger  the  better)  between  the  t ransmitte r 
and  the  receiver  that  doen  not  contain  the  specular  point  and  over  which  PQ  and 
may  be  considered  constant.  Let  the  "rouchness"  parameter  g be  defined  by 

, _ 2TT  ah  1 

V g = — y (sin  » J + sin  v'  ^) 

and  again  assume  t' ^ and  t|!  2 are  constant  over  a given  resolution  cell.  Considera- 
tion of  many  cells  within  the  ground  patch  will  yield  the  following  measured  curves 

for  fixed  0 and  j3  : 
n o 

1.  F^  vs  roughness 

2.  Gqvs  roughness 

where  GQis  the  bistatic  reflectivity  coeff.cient  given  by 


for  a Gaussian  surface. 


^This  expression  is  consistent  with  that  given  in  Section  2. 
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For  the  same  resolution  cells  and  roughness  parameters  0.  and  3 , 

2 no 

theoretical  curves  for  and  hence  alsoGQ  will  be  calculated  and  compared 

with  the  measured  curves.  A fitting  process  which  cannot  be  defined  until  data 

2 

are  available  will  then  be  used  to  generate  a refined  empirical  expression  tor  F 

d 

in  terms  of  the  roughness  parameter  g and  for  fixed  c and  f.  . 

il  o 

2 

The  theoretical  F,  given  in  Reference  3 is  a function  of  a , X,  <r  , and 
Q n 1 

v It  may  be  that  these  parameters  are  not  sufficient  in  themselves  to  express 

F^  empirically.  In  fact,  it  is  expected  that  at  least  the  rms  slope  3Q 

should  be  added  to  this  list  of  parameters.  As  a result,  the  above  procedure  will 

be  repeated  many  times  for  different  3 , a,  using  the  refined  Fj  each  time  and 

O Q £ 

a fitting  process  yet  to  be  defined  which  will  generate  refinements  in  F~.  in  terms 

d 

of  the  necessary  parameters.  Ultimately  then,  emperical  expressions  for  both 
F^  and  GQ  will  be  determined  which  will  best  fit  the  measured  data. 

Next,  data  from  the  same  set  of  experiments  that  were  performed  for 
2 

the  determination  of  F^  will  be  analyzed  for  resolution  cells  containing  the  specular 
point.  Measured  specular  reflection  coefficients  can  be  determined  from  the 
measured  power  by  subtracting  the  diffuse  contributions  determined  by  the  above 
procedures.  These  measured  coefficients  will  then  be  compared  with  the  theoretical 
values  and  appropriate  modifications  to  the  specular  theory  will  be  made. 

Finally,  with  the  theory  and  computer  model  refined  to  give  the  best 
fit  to  all  data,  the  computer  simulation  will  be  re-run  for  each  set  of  experiment 
geometries  and  parameters  to  generate  updated  estimates  for  the  spatial  distribu- 
tions of  diffuse  power  from  the  glistening  surfaces. 

Data  Analysis  - Moderate  to  Slight  Roughness 


It  is  known  in  the  theory  that  for  a very  rough  surface  the  phases  of  the 
individual  scattered  waves  are  uniformly  distributed  over  the  interval  [ — tt,  ttJ , that 
is,  the  scattered  field  is  incoherent  and  it  can  be  shown  that  the  field  intensities 
are  Rayleigh-distributed.  In  general  the  scattered  field  can  be  expressed  as  the 
sum  of  a constant,  coherent  (with  constant  phase)  component  and  a random,  Hoyt- 
distributed  component,  that  is,  a vector  with  components  chosen  from  normal  distri- 
bution with  zero  means  and  appropriate  variances  (see  Section  2 and  Figure  9). 

As  the  surface  becomes  smooth  the  Hoyt- distribution  continuously  shrinks  to  zero 
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and  the  scattered  field  becomes  coherent.  As  t’ns  continuous  transition  between 
incoherence  and  coherence  takes  place  summing  powers  within  a resolution  cell 
may  not  give  an  accurate  representation  of  the  total  reflected  power  from  the  cell. 
Rather,  it  may  be  necessary  to  establish  the  Hoyt-distribution  mentioned  above 
and  follow  a Monte  Carlo  process  in  order  to  obtain  reliable  estimates  ol  the 
power  contributions  from  given  cells.  For  this  reason  and  for  the  purpose  of 
defining  more  accurate  roughness  criteria  fc.  the  summing  of  powers,  a 
Monte  Carlo  option  has  been  included  in  the  computer  simulation  in  addition  to 
the  power  option  in  which  the  cell  contribution  to  the  scattered  power  is  found  by 
summing  powers  from  elementary  patches  within  the  cell.  It  is  expected  that 
this  option  will  contribute  significantly  in  under  standing  and  refining  the  multipath 
theory  as  experimental  data  becomes  available. 


Let  Enz 


denote  the  random  scattered  field  for  the  ith  patch  in  a reso- 


lution cell  and  the  nth  sample  in  a Monte  Carlo  Process  If  the  resolution  cell 
is  again  chosen  to  exclude  the  specular  point,  the  discussions  in  Section  2 5 imply 
that 


(3.4.  8) 


where  rP  is  a complex  number  depending  on  the  patch  location  and  the  sample 
under  consideration,  and  M is  the  number  of  patches  in  the  cell  . Accordingly, 


1/2  Y0 


(1.4.9) 


and  the  meanpower  from  the  resolution  cell  is 

M 


<P2>  */2  Y0F^ 


1 N 
1 y 

N £ = i 


„n 


i = 1 


M 

E K )* 

k = 1 


(3.4.  10) 


where  N is  the  number  of  Monte  Carlo  samples. 

Equation  (3.4.  10)  should  replace  (3.4.5)  for  the  determination  of  the  measured 
roughness  factor  when  this  Monte  Carlo  option  is  used.  Other  than  this  replacement, 
the  data  reduction  procedures  will  be  the  same  as  those  described  for  rough  surfaces, 

T“~  - 

T|  . can  be  derived  from  equations  (2.  3.21)  to  (2.  3.  33).  Its  specific  value  is 
not  important  here. 
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SECTION  4.  COMPUTER  SIMULATION 


4.  1 Introduction 

The  multipath  computer  program  represents  an  accurate  treatment  of 
the  classical  multipath  theory  (Ref.  1)  with  refinements  (Ref.  3).  A review 
of  this  theory  is  given  in  Section  2 and  Appendix  C of  this  report.  The  pro- 
gram is  unique  in  its  detailed  treatment  of  this  theory  and  is  designed  to  vali- 
date and  further  ~efine  the  theory  as  experimental  data  are  generated  from 
the  measurements  program. 

Two  major  options  are  available  to  the  user,  a multipath  measurements 
option  and  a closed  loop  tracking  option.  The  former  closely  simulates  the 
measurements  program  design  and  at  the  r.ame  time  remains  flexible  by  al- 
lowing the  choice  of  any  of  the  following  equipment  configurations: 

• Passive  Receiver  - Pulse  Beacon 

• Passive  Receiver  - CW  Beacon 


Pulse  Radar 


- Passive  Target 


The  first  two  configurations  are  of  specific  interest  here,  and  will  be  used  in 
conjunction  with  the  measurements  program  to 

• Determine  spatial  distributions  of  diffuse/specular  surface  reflec- 
tions for  different  receiver-beacon  geometries  and  terrain 

cha  racterietics, 

• Aid  in  the  generation  of  a handbook  of  surface  reflectivity  in- 
formation. 


The  second  two  configurations  will  be  used  more  in  future  multipath 
me?5uremor.;  programs  once  the  multipath  theory  has  been  refined  and  vali- 
dated and  will  at  that  time  provide  a means  for  accurately  evaluating  and 
quantifying  the  multipath  offect  on  tracking  radar  at  low  elevation  angles.  It 
is  for  this  purpose  that  the  tracking  option  has  been  included  in  the  computer 
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model.  In  this  option  closed  loop  tracking  in  the  elevation  coordinate  with 
GI*K  filtering  (3rd  order  digital  filter)  is  possible.  The  same  detailed  multi- 
patch  theory  used  in  the  measurements  mode  is  also  used  in  the  tracking  inode 
to  quantify  the  tracking  errors  introduced  by  surface  reflections  from  virtually 
all  of  the  terrain  between  the  radar  and  the  target. 


Curved  earth  geometry  is  used  in  both  the  measurement  and  the  track- 
ing modes  of  the  simulation.  Ln  addition,  the  program  is  coded  to  allow  the 
user  to  insert  gross  terrain  features  as  a function  of  down  range  distance 
between  the  receivei  and  beacor /target.  Small  scale  roughness  variations, 
vegetation  variations,  and  variations  in  ihe  electrical  properties  of  the  ter- 
rain at  different  down  range  distances  are  also  available. 


4.  2 Program  Inputs 


All  data  card  input  is  handled  via  namelist  statements.  There  are  a 
total  of  thiie  namelists; 


Namelist  MNPO/ 
Namelist/INPl  / 

Namelist/INP2/ 


Tracking  Information 

Tracking/Measurement  Mode  Decision 

Receiver /Source  Geometry 
Scan  Beam  Depression  Angles 
Antenna  Parameters 
Source  Parameters 
Surface  Statistics 


The  input  parameters  are  given  below  in  table  form  according  to  Namelist. 


Namelist/INPO/ 


Symbol 

PRF 

TIMEOUT 


Definition 

Pulse  Repetition  Frequencv  (Pulses/sec) 


Default  Value 
0.  0 


Time  Increment  Between  Flight  Path 

Milestones  (sec)  0.0 


RTRMIN  Minimum  Rere'  'e  r-to- Ta  rget  Slant 

Range  (meters  i 

RT  RMAX  Maximum  Receiver -to- Target  Slant 

Range  (meters) 


/ 
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Namelist/INPl  / 


Symbol  Definition 

TRACK  T 2 Tracking  Option 

F s Measurement  Option 

Namelist/INP2  / 


SymLol 


Definition 


DGBALL 

DGbALLl 

DX 

DY 

GR 

GRO 

GRMAX 

GT 


Maximum  allowed  change  in  Diffuse 
Gain  across  patch  in  Down  Range  Direc 
tion.  (Controls  patch  subdivisions  in 
Down  Range  Direction) 

Maximum  allowed  change  in  Diffuse 
Gain  across  patch  in  C’mss-Range 
Direction.  (Controls  patch  sub- 
divisions in  Cross -Range  Direction) 

Down-  R.  nge  Patch 
Dimension  (meters) 

Cross- Range  Patch 
Dimension  (meters > 

Peak  Receiver  Gun 

Initial  Receiver-to-Source  Ground 
Range  (meters) 

Maximum  Receiver-to-Source  Ground 
Range  (meters) 

Peak  Source  Gain 


HR  Receiver  Altitude  (meters) 

HT  Source  Altitude  (meters) 

ICALC  =0  If  Delay,  Delay  Min.  , and  Delay  Max 

are  to  be  Calculated 


MAXDEL  Maximum  Delay  (meters) 


✓ 


Default  Value 
F 

Default  Value 
. 01 

. 01 

100.  0 

10.  0 
1.0 

10000. 00 

10000.  00 

1.0 
4.  0 
200.  0 
0 

2000. 0 
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i 


Definition 


Default  Value 


MINDEL  Minimum  Delay  (meters) 

N BEAMS  Number  of  Beams 

NOUT  Number  of  Delay  Bins 

(may  be  modified  by  program  during 

execution) 

XP  Number  of  Points  in  Pulse 


NR  Number  of  Runs 

NSAMPLE  Number  of  Monte  Carlo  Samples 

NS  LOPE  Number  of  Down- Range  Patches  over 

which  Different  Surface  Statistics  are 
specified 

NYMAX  Maximum  T umber  of  Cross -Range  Patches 

DBBDIR  = T If  Relative  Power  in  dB  is  to  be 

Determined. 

- F If  Absolute  Power  is  to  be 
Determined. 

NXSDMX  Maximum  Number  of  Subdivisions  in 

Down- Range  Direction  for  each  Patch 

NYSDMX  Maximum  Number  of  Subdivisions  in 

Cross-Range  Direction  for  each  Patch 

pi  Peak  Source  Power 

P WIDTH  Pulse  Width  (sec) 

SIGZO  Radar  Cross  Section  of  Target 

(meters^) 

XLAM  Wavelength  (meters) 

XV  X-Coordinate  of  Target  Velocity  (Reference 

Coordinate  System)  (meters/sec) 

YV  Y-Coordinate  of  Target  Velocity  (Reference 

Coordinate  System)  (meters/sec) 


1.0x10 


. 01O4592 


1000.  0 
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t 


4 


Symbol 


Definition 


Default  Value 


zv 

Z-Coordinate  of  Target  Velocity 
(Reference  Coordinate  System) 
(meters/sec) 

0.  0 

GRAPH 

- T for  Graphing 

F 

NEWBEAM 

- T for  1st  Run 

= F for  Additional  Runs 

if  no  New  Scan  Beams  are  Introduced. 

T 

NEWSLOP 

- t for  First  Run 

= F for  Additional  Runs 

if  no  New  Surface  Statistics  are 
Introduced. 

T 

OUTPUT 

= T if  Printed  Output  is  Desired 

T 

PASSTGT 

= T if  Passive  Target  is  used 
= F for  Beacon 

F 

PULSE 

5 T if  Pulse  Source 
s r if  CW  Source 

T 

SQPULSE 

= T if  Square  Pulse 
= F if  Cosine  Pulse 

T 

UNIFORM 

= T if  Distribution  of  Surface  Slopes  is 
Uniform. 

h F if  Distribution  of  Surface  Slopes  is 
Gaussian 

F 

VOLT 

- T for  Voltage  Option 
= F for  Power  Option 

F 

VPOL 

= T for  Vertical  Polarization 
= F for  Horizontal  Polarization 

F 

* 

SPEC 

= T If  Specular  Returns  are  Accumulated 
= F Otherwise 

T 

DIFFUSE 

- T If  Diffuse  Returns  are  Accumulated 

T 

= F Otherwise 
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♦ 

* 


Default  Value 


PENPLOT 


SANGLE  (I,  1) 


SANGLE  (1.2) 


SLOPE  (1.  1) 


SLOPE  (1.2) 


SLOPE  (I.  3) 


SLOPE  (I,  4) 


SLOPE  (I.  5) 


SLOPE  (1,  6) 


- F on  All  Rur»s 
= F on  All  Runs 
s F on  All  Runs 
= F on  All  Runs 

- F on  All  Runs 

= T Cards  are  Punched  containing  Data  for 
Graphing 

- F Cards  are  not  Punched 

Ith  Scan  Ream  Azimuth  Angle 
(Deg) 

i Ith  Scan  Ream  Depression  Angle 
(Deg) 

Maximum  Ground  Range  for  Ith  set  of 
Surface  Statistics  (meters) 

RMS  Surface  Slope  (P0)  (radians)  for  Ith 
set  of  Surface  Statistics. 

Mean  Slope  of  Gross  "Terrain  Feature 
in  Down- Range  Direction  for  Ith  set  of 
Surface  Statistics  (rad) 

Mean  Slope  of  Gross  Terrain  Feature 
in  Cross-Range  Direction  for  Ith  set  of 
Surface  Statistics  (rad) 

Surface  Permittivity  for  1th  set  of 
Surface  Statistics. 

Surface  Conductivity  for  Ith  Set  of 
Surface  Statistics  (mho-m/sqm) 


SLOPE  (1.7)  Vegetation  Factor 

SLOPE  (1,8)  RMS  Surface  Height  (meters) 


SLOPE  (I,  9) 


NPN 


Height  of  Gross  Terrain  Feature  for  Ith 
set  of  Surface  Statistics  (meters) 

Initial  Number  of  Points  in  Pulse 
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It  should  be  noted  that  the  logical  variables  PRINT  1,  PRINT2,  PRINT 3, 
PRINT4,  PRINTS  in  Namelist/INP2 /are  included  and  held  in  common  between 
subroutines  for  the  purpose  of  providing  switches  for  the  output  of  variables 
defined  by  and  of  specific  interest  to  the  user.  However,  unless  additional 
output  is  defined  by  the  user  these  variables  should  be  set  equal  to  F. 

4.  3 Program  Outputs 

A detailed  flow  diagram  showing  the  program  output  that  is  currently 
available  is  given  in  Figure  43.  Basically,  the  outputs  may  be  divided  into 
two  main  types,  chose  from  the  measurements  mode  and  those  from  the  track- 
ing mode. 

If  the  measurements  mode  is  selected,  output  is  written  on  tape  12  and 
will  vary  in  content  depending  on  whether  the  source  is  pulse  or  CW  (see  Flow 
Diagram).  The  same  information  stored  on  tape  12  is  also  printed  if  OUTPUT 
= T.  Also  in  the  case  of  printed  output,  all  specular  points;  associated  delay^s 
measured  with  respect  to  the  direct  path;  specular  reflection  coefficients  »:g  ); 
and  specular  patch  gains  p S2/(R L + R2>2  «e  Panted.  Finally,  printer  plots, 
and  card  output  of  the  data  arrays  necessary  for  pen  plots  (e.g.  , for  the  Zeta 
plotter)  are  available  in  the  measurements  mode  independent  of  whether  or  not 
printed  output  is  specified. 

In  the  tracking  mode  printer  plots  of  elevation  error  vs  slant  range  as 
well  as  the  coordinates  of  each  data  point  are  printed.  Also,  card  output  for 
pen  plots  is  available  (as  in  the  measurements  mode)  by  setting  PEN  Plot  = T. 

4.  4 Program  Description 

Coordinate  Systems 

Two  coordinate  systems  are  employed  in  both  the  measurements  and  the 
tracking  modes  of  the  computer  model.  They  are  a Reference  (x, y,  7)  coordin- 
ate system  and  a Receiver  (x',y\  7')  coordinate  system.  The  reference 
coordinate  system  is  fixed  with  its  origin  at  the  center  of  the  earth  with  the 
z-axis  passing  through  the  receiver  site.  The  receiver  coordinate  system  on 
the  other  hand,  with  its  origin  also  at  the  center  of  the  earth  and  the  z'axis 
coincident  with  the  z-axis,  is  allowed  to  rotate  in  the  event  the  source  (target) 
is  moving  (tracking  mode).  It  amounts  to  a counter-clockwise  rotation  of  the 


105 


POWER  LS  IN  DECIBEI.S  BELOW  THF  DIRECT  POWER  Rl  I ' ' R ' • IK 
DBBDIR  T. 

TWO  COORDINATE  SYSTEMS.  A REFERENCE  COORDINAI1  SYSTEM 
AND  A f rXF.IVF.R  COORDINATE  SYSTEM.  ARE  LSF.D  BY  THE  PROOF  AM. 
FOR  THEIR  DEFINITIONS.  SFF.  SECTION  4.  4. 


ZEROES  ART  STORED  FOR 


Figure  43a.  Program  Flowchart 


106 


POWER  IS  IN  DECIBELS  BELOW  THE  DIRECT  POWER  RETURN  IF 
DBBDIR  * T. 

TRUE  ONLY  FOR  VOLT  = F 


Figure  43b.  Program  Flowchart  (Cont) 
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I'OttKR  IS  IN  DECIDE  I -H  DEIXW  HIE  DIRECT  I'OftKR  l< 1 TURN  IF 
DBBDIR  1. 


Figure  43c.  Program  Flowchart  (Cont) 


8 


power  is  in  decibels  bf.low  the  direct  power  return  if 
DBBDIR  --  T. 

ZEROES  ARF  STORED  FOR  cd  UNLESS  VOLT  = F 


Figure  43d.  Program  Flowchart  (Cont) 
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reference  coordinate  system  through  an  angle  9 equal  to  the  angle  between  the 
positive  x axis  and  the  projection  into  the  xy  plane  of  the  line  segment  through 
the  foot  of  the  receiver  and  the  source  (see  Figure  44).  In  the  measurements 
mode  the  source  is  always  in  the  xz  plane  (i.e.,  y = o)  and  the  receiver  coor- 
dinate system  is  identical  to  the  reference  coordinate  system.  It  is  also  assumed 
without  loss  of  generality,  that  in  the  tracking  mode  the  source  is  initially  in 
the  X7  plane.  Accordingly,  in  both  modes  of  operation  surface  statistics  are 
read  in  relative  to  the  reference  coordinate  system. 

Antenna  Patterns 

In  the  measurements  mode  there  are  provisions  for  ap  to  ten  different 
scan  beams  and  one  source  beam.  The  scan  beam  depression  angles  are 
specified  by  input  and  each  scan  beam  has  the  same  bcamwidth,  also  specified 
by  input.  The  source  bcamwidth  is  variable  (input)  but  in  practice  is  set  to  a 
large  value  to  simulate  an  isotropic  source. 

In  the  tracking  mode  the  tracking  beam  is  established  as  a four-beam 
amplitude  sensing  cluster  to  allow  for  monopulse  tracking  in  all  radar  coordin- 
ates and  for  general  target  flight  paths.  Subroutines  TBEAM,  PATTERN,  and 
B1POSTN  initially  establish  and  position  the  cluster  about  the  antenna  axis.  It 
is  assumed  that  the  antenna  axis  is  initially  pointed  at  the  tru<  target.  At  later 
times  the  subroutine  B1POSTN  is  all  that  is  needed  to  reposition  the  cluster. 

Currently  all  antenna  patterns  (both  modes)  are  analytic  and  arc  modeled 
by  Bessel  functions  of  variable  (input)  orders.  This  allows  flexibility  in 
establishing  the  desired  sidelobe  levels.  However,  with  regard  to  the  computer 
examples  that  follow. the  Bessel  function  of  order  three  is  used  to  establish  the 
patterns.  In  this  case  the  sidelobe  level  is  30.  6db  down.  Since  the  pattern.'  are 
all  established  in  subroutines  (as  opposed  to  the  main  program)  they  may  be 
easily  replaced  by  actual  patterns  during  the  experimental  phase  of  the  multipath 
measurements  program. 
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Glistcninu  Surface 


The  terrain  between  the  receiver  and  the  source  is  divided  into  down- 
range /c  ross  - range  ground  patches,  the  dimensions  of  which  are  specified  by 
input  (Figure  45).  Two  criteria  for  a patch  corner  to  be  on  the  glistening 
surface  are  available  depending  on  the  sense  of  the  logical  switch  UNIFORM 


o If  UNIFORM  = T,  a uniform  distribution  of  surface  slopes  is 
assumed  with  mean  zero  and  standard  deviation 


o 


80  2o_h  1 

/3  = dc  '3  * 


(4.4.  n 


Under  this  option  a patch  corner  is  on  the  glistening  surface  when 


9 £ gQ  . (Figure  46)  (4.  4.  Z) 

o If  UNIFORM  = F,  a Gaussian  distribution  of  surface  slope  is 

with  zero  mean  and  standard  deviation  0 = In  this  case  a patch 
corner  is  on  the  glistening  surface  when 


9 « 39Q  (Figure  46)  (4,4.3) 

The  subroutine  Scan  generates  the  glistening  surface  and  stores  the  necessary 
data  associated  with  its  subpatches.  The  left  half  (positive  y)  of  the  glistening 
surface  and  its  patch  data  are  generated/stored  first.  The  computer  starts  at 
the  foot  of  the  receiver  and  generates  the  subpatches  for  positive  y in  the 
sequence  shown  in  Figure  45.  For  each  down-range  position,  cross-range 
patches  are  constructed  until  any  one  of  the  following  criteria  are  met: 

• Both  far  patch  corners  (in  y-direction)  are  off  the  glistening 
surface. 

• The  average  of  the  two  far  corner  (in  y-direction)  diffuse  patch 
gains  Gq  (equation  3.  4.  7)  is  less  than  . 01. 

1.  The  notations  used  in  this  section  are  defined  in  Section  2. 
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BISECTOR  OF  INCIDENT  AND  REFLECTED  RAYS 


Uniform  surface  slope  distribution^  s 8q 
Gaussian  surface  slope  distribution:  P ^0'  ^ 
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Figure  46.  Glistening  Surface  Determination 


• The  number  of  cross-range  patches  is  greater  than  or  equal  to 
NYMAX  (input). 

This  process  is  continued  for  each  down-range  position  until  the  far  patch 
corners  in  the  down-range  (X)  direction  lie  beyond  the  minimum  of  the  ground 
range  to  the  receiver  horizon  and  the  ground  range  GRMAX  specified  by  inpat. 
When  this  happens  the  computer  starts  back  at  the  foot  of  the  receiver  and 
generates  the  right  half  (negative  y)  of  the  glistening  surface  using  the  same 
procedures. 

Although  the  initial  patch  dimensions  (Ax,  Ay)  are  specified  by  input,  the 
computer  will  subdivide  each  patch  into  an  appropriate  number  of  subpatches 
according  to  the  following  scheme: 

Let  P.,  P-,  P-,  P,  be  the  corners  of  a typical  curved  earth  surface 

i b J 4 

patch  shown  in  Figure  47.  The  computer  first  determines  the  maximum 
differential  change  in  diffuse  patch  gain  across  the  patch  in  the  x-direction 
according  to  the  formula 


GRADX  = max  (|Gq(P2)  - Gq  (Pj) | , | Gq(P4)  - Go(P3)|  ) (4.4.4) 

where  G (P.),  i = 1,2,  3,  4 is  the  diffuse  patch  gain  (equation  3.4.7)  at  the  ith 
o 1 

patch  corner.  If  GRADX  is  greater  than  the  maximum  allowed  patch  gain 
differential  (DGBALL)  in  the  x-direction,  the  surface  patch  is  subdivided  into 
NXSD  subpatches  in  the  down- range  direction,  where  NXSD  is  computed  from 
the  following 

N = INT  (GRADX /DGBALL) | 

NXSD  = Min  (N,  NXSDMX)  (4.4.5) 


Here  INT  denotes  conversion  from  decimal  to  integer  constants  (via  truncation) 
and  NXSDMX  is  the  maximum  number  of  down-range  subdivisions  specified 
by  input. 
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Next,  the  gain  differential  across  the  patch  in  the  y direction  is  calculated 
from  the  formula 

GRADY  max  ( G0(p3)  - G0  (P  l ) ' Go(P4)  ' Co(P2)  )f  (4,4,b) 

and  if  this  value  is  greater  than  the  maximum  allowed  gain  differential  (DGBALL1) 
in  the  y-direction,  NYSD  subpatches  arc  established  in  the  cross-range 
direction  according  to 

\1  = 1NT  (GRADY /DG BALI  l)  (4.4.7) 

NYSD  = min  (M,  NYSDMX) 

where  NYSDMX  is  the  maximum  number  of  subdivisions  in  the  y direction. 

A total  of  NXSD  • NYSD  subpatches  are  therefore  generated.  Also, 
patch  d: ta  for  each  subpatch,  in  addition  to  that  generated  for  the  father  patch, 
is  computed  and  stored  for  each  subpatch  corner.  The  same  patch  information 
computed  and  stored  for  the  father  patch  is  also  computed/stored  for  the  sub- 
patches and  is  given  in  Table  VI. 


Figure  47.  Glistening  Patch  Subdivision 


Table  VI 


Variable 

BETA 

FUDGE 

GAINB  (BETA,  I) 

DELAY 

ROZERO 

X 

Y 

Z 

D 

UXLN 

UYLN 

UZLN 

SLOPE  (I,  7) 
SLOPE  (I,  8) 

THET1 

THET2 


Definition 

Angle  between  the  local  normal  at  the  patch 
corner  and  the  bisector  of  the  angle  between  ihr 
source-to-patch  corner  and  patch  corner-to- 
receiver  vectors.  (Figure  46). 

Roughness  factor 

Diffuse  patch  gain  for  the  angle  BETA  and  for  the 
Ith  set  of  surface  statistics. 

Path  difference  between  the  direct  and  indirect 
paths  at  a corner. 

Fresnel  reflection  coefficient 

X-coordinate  of  rough-earth  patch  corner 
(Receiver  coordinate  system) 

Y -coordinate  of  rough-earth  patch  corner 
(Receiver  coordinate  system) 

Z -coordinate  of  rough-earth  patch  corner 
(Receiver  coordinate  system) 

Divergence  factor 

X-coordinate  of  local  (unit)  normal  at  patch 
corner  (receiver  coordinate  system) 

Y-coordinate  of  local  (unit)  normal  at  patch 
corner  (receiver  coordinate  system) 

Z -coordinate  of  local  (unit)  normal  at  patch 
corner  (receiver  coordinate  system) 

Vegetation  factor  at  a corner  associated  with  the 
Ith  set  of  surface  statistics 

Rms,  surface  height  of  the  small-scale  surface 
irregularities  at  a corner  associated  with  the  Ith 
set  of  surface  statistics 

Angle  between  the  source-to-patch  corner  vector 
and  the  local  normal  at  the  patch  corner 

Angle  between  the  patch  corner -to-receiver  vector 
and  the  local  normal  at  the  patch  corner. 
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As  indicated  in  the  preceding  table,  the  father  patch  and  subpatch  corners 
are  rough-earth  corners,  that  is,  for  each  patch  the  surface  statistics  are 
scanned  to  see  if  a patch  corner  lies  on  a gross  terrain  feature  (hill).  If  so,  the 
patch  corner  is  located  on  th.  terrain  feature. 

Once  Tabic  VI  has  been  generated  for  a particular  patch /subpatch,  the 
data  are  averaged  over  the  lour  patch/subpatch  corners  and  the  resulting  infor- 
mation is  used  to  determine  the  field  distribution  associated  with  the  patch  sub- 
patch  and  the  mean  reflected  power  from  the  patch  subpatch. 

Measurements  Mode 

The  scan  beams  are  first  positioned  in  azimuth  and  elevation  to  look  a. 
various  regions  on  the  glistening  surface.  Sidelobe  as  well  as  main  beam  re- 
flections are  all  accounted  for  in  measuring  surface  reflections  from  a giv on 

patch. 

Three  Fortran  variables  PULSE.  VOLT,  and  PASS  TOT  are  introduced 
to  denote,  respectively,  a pulse  source  as  opposed  to  a CW  source,  a voltage 
option  a,  opposed  to  a power  option,  and  a passive  target  as  opposed  to  an 
active  transmitter.  The  voltage  option  implies  .ha,  all  signals  Iron,  various 
portions  o,  .he  glistening  surface  which  enter  the  receiver  simultaneously  » .« 
are  summed  at  rf  with  amplitude  and  phase  preserved  during  .he  summation  ,c 
power  option  assumes  tha,  only  the  powers  are  summed,  phase  information  being 

ignored. 

These  variables  arc  logical  switches  taking  on  the  values  T (true)  or 
F (false)  and  the  simulation  is  capable  of  running  in  any  of  the  modes  shown  tn 


Table  VII. 


'T'-a  I-  1 ~ \ r T T 


PULSE 

F 

r 

F 

T 

F 

T 

F 

T 


VOLT 

rr 

* 

r 

F 

F 

T 

'I 

F 

F 


PASS  TGT 
F 
F 
F 
F 
T 
T 
T 
T 


I IB 


Assume  until  stated  otherwise  that  PASS  TGT  - F , then  if  Volt  = T a reflected 
field  distribution  is  establ  shed  for  each  glistening  surface  patch/subpatch 
and  each  scan  beam,and  will  vary  from  patch  to  patch  for  each  beam  as  the 
patch  data  (Table  VI)  changes.  A sample  reflected  field  is  then  chosen  for  each 
patch/subpatch  and  each  beam  (see  Section  2)  from  the  appropriate  distribution 
and  summed.  The  result  is  a one-dimensional  array  of  sample  field  represent- 
ing the  total  fields  reflected  from  the  glistening  surface,  one  sample  for  each 
scan  beam.  Although  the  direct  field  from  the  source  enters  only  the  sidelobes 
of  each  of  the  scan  beams,  it  is  never-the-les s calculated  and  added  to  the 
sample  reflected  fields  for  each  beam.  The  resulting  array  is  then  transformed 
to  a power  array,  the  components  of  which  are  the  sample  powers  associated 
with  the  different  beam  positions.  Carrying  out  this  sampling  process  over  all 
Monte  Carlo  members,  and  averaging  for  each  beam  position  over  the  total 
number  of  samples  yields  the  mean  power  seen  by  the  receiver  for  each  beam 
position. 

If  PULSE  = F and  VOLT  = T,  in  addition  to  summing  the  sample  fields 
over  the  total  glistening  surface,  they  are  also  stored  in  down-range  and 
cross-range  arrays  for  the  graphing  of  the  spatial  distribution  of  power  as  a 
function  of  down-range  or  cross-range  position. 

In  the  event  Pulse  = T and  Volt  = T,  delay  bins  (with  delay  measured  with 
respect  to  the  direct  path)  are  created  for  each  beam.  Then  for  each  of  the  beams, 
sample  reflected  fields  from  each  patch/subpatch  are  apportioned  (subroutine 
SPREAD)  over  the  correct  delay  bins  that  fall  between  the  minimum  and  maxi- 
mum delays  for  the  patch/subpatch.  After  scanning  the  whole  glistening  surface 
the  fields  collected  in  each  of  the  delay  bins  are  convolved  with  the  pulse  and 
transformed  to  power  (in  that  order)  to  form  a two-dimensional  array,  the  ele- 
ments of  which  denote  sample  power  returns  as  a function  of  beam  position  and 
time  delay.  Such  arrays  are  determined  for  each  Monte  Carlo  sample  and  then 
averaged  (element  wise)  to  form  a two-dimensional  array  of  mean  power  returns 
as  a function  of  beam  position  and  delay  time.  For  a fixed  beam  position  the 
power  for  a given  time  delay  is  the  mean  power  returned  within  a pulsewidth  of 
the  given  delay  time  and  is  associated  with  a specific  resolution  cell  on  the  ground. 
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When  Volt  = F a deterministic  (as  opposed  to  a Monte  Carlol  approach  is 
used  to  quantify  the  glistening  surface  reflections.  In  this  case  mean  reflected 
powers  are  computed  for  each  patch/subpatch  (see  Section  2)  and  each  beam  and 
added  beamwise  over  the  glistening  surface  to  obtain  the  total  mean  reflected 
power  for  each  scan  beam.  The  direct  power  entering  the  sidelobes  of  the  scan 
beams  is  then  added  to  the  total  reflected  power  to  yield  the  total  apparent  power 
at  the  receiver  for  each  beam  position.  Now  if  Pulse  = F,  the  mean  patch  powers 
are  stored  in  down-range  and  cross-range  arrays  for  graphing  the  spatial  dis- 
tribution of  power  as  a function  of  down-range  or  cross-range  position.  If  on  the 
other  hand  Pulse  = T,  delay  bins  are  created  just  as  in  the  case  when  Volt  = T, 
except  now  mean  patch  powers  are  stored  in  the  bins  in  place  of  sample  fields 
and  the  pulse  is  convolved  with  these  bins  for  each  beam  to  form  mean  power 
arrays  as  a function  of  delay  for  each  scan  beam. 

Finally,  in  the  event  that  a common  antenna  is  used  for  both  transmission 
and  reception  (PASS  TGT  = T),  all  the  above  options  and  associated  procedures 
hold  except  that  they  are  first  carried  out  to  determine  the  power  at  the  target 
and  the  pulse  shape  (if  Pulse  = T ) at  the  target.  Thev  arc  then  repeated  for  the 
return  paths.  In  this  case  the  glistening  surface  is  scanned  twice,  once  for  the 
forward  paths  and  once  for  the  return  paths. 

Tracking  Mode 

When  operating  in  this  mode  the  program  sets  Volts  = T,  PASSTGI  r T, 
NSAMPLE  = 1.  Since  NSAMPLE  = 1,  only  one  sample  field  is  taken  from  each 
patch  during  a scan  of  the  glistening  surface.  Accordingly,  the  output  of  this 
mode  of  operation  represents  typical  tracking  errors  (as  opposed  to  mean 
tracking  errors)  that  may  be  encountered  during  any  one  pass  of  the  target. 

This  was  done  specifically  to  save  computer  time  since  tracking  error  deter- 
mination at  each  data  point  along  the  target  flight  path  requires  scanning  the 
glistening  surface  twice  (approximately  .46  cp  minutes  per  scan).  In  the 
event  mean  tracking  errors  are  preferred  only  slight  program  modifications 

are  required. 
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At  present  tracking  in  the  elevation  coordinate  only  for  in-plane  (xz-plane) 
flight  paths  with  constant  target  velocity  is  simulated.  However,  three- 
dimensional  tracking  geometry  is  used  so  that  tracking  in  all  radar  coordinates 
for  general  target  flight  paths  can  be  added  at  a later  date  without  major  changes 

to  the  main  program  coding. 

Basically,  this  mode  of  operation  simulates  a closed  loop  tracker  with 
GHK  filtering.  Initially  the  main  ’'earn  (4  beam  cluster  - see  Section  4.4, 

Antenna  Patterns)  axis  is  directed  at  the  target  but  is  subsequently  allowed  to 
wander  from  the  true  target  direction  as  the  multipath  reflections  are  received  at 
the  radar.  At  each  data  point  along  the  target  flight  path,  the  total  voltage  field 
returned  to  the  radar  is  computed  for  each  of  the  four  beams  in  the  tracking 
beam  cluster  according  to  the  procedures  described  for  the  measurements  mode 
when  Volt  = T,  PASSTGT  = T,  NSAMPLE  r 1,  and  either  pulse  = T or  pulse  = F. 

In  the  event  Pulse  = T,  the  voltage  field  arrays  established  for  each  beam 
in  the  cluster  are  added  in  the  correct  way  to  determine  two  voltage  arrays,  one 
for  the  difference  channel  and  one  for  the  sum  channel.  Each  of  these  arrays 
contains  voltages  as  a function  of  delay  time.  These  points  in  each  array  that  fall 
within  the  range  gate  of  the  radar  are  then  computed  and  average  vectorially  to 
give  average  voltages  associated  with  the  range  gate  for  the  sum  and  difference 
channels.  If  Pulse  = F,  corresponding  to  long  pulses,  the  voltages  in  the  sum 
and  difference  channels  are  not  given  as  a function  of  time  delay;  the  arrays 
for  each  channel  contain  only  one  element;  and  the  averaging  is  not  necessary. 


Once  the  sum  vector  (E)  and  the  difference  vector  (A)  at  the  radar  have  been 
determined,  the  rough  boresite  error  is  computed  as 


DELPHI  = 


A • E 

|E|  7|e|2  + I a|2 


(4.4.8) 


where  the  Dot  (•  ) denotes  the  classical  dot  product  of  two  vectors  and  1 ! denotes 
tha  magnitude  of  a vector.  Using  (4.4.8)  a rough  estimate  of  the  target  elevation 
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is  computed  and  then  passed  through  a GHK  filter  to  yield  a smoothed  estimate 
of  the  target's  present  elevation  1 and  a prediction  of  its  elevation  at  the  next 
data  point  along  the  flight  path.  Based  on  this  prediction  the  tracking  In  am 
is  re-aimed  and  time  is  incremented  to  consider  the  next  data  point  on  the  target 
flight  path.  Before  moving  to  a new  data  point  the  estimate  of  the  current  target 
elevation  is  compared  with  the  true  target  elevation  to  determine  tin  tracking 
error  in  the  elevation  coordinate.  These  errors  arc  stored  as  a function  of 
slant  range  to  the  target  for  graphing  purposes. 


4.  5 Computer  Examples 

Three  receiver-source  geometries  that  are  typical  of  those  to  be  used  during 
the  measurement  phase  of  the  multipath  program  are  considered  here.  they  are 
summarised  below  in  Table  VIII  and  depicted  in  Figure  48. 


Table  VIII 


Geometry 

RCVR  Ht 

Source  Ht 

RCVR  -Source 
Gr  Dist 

1 

4 m 

200  m 

3 km 

2 

4 m 

300  m 

5 km 

3 

4 m 

500  m 

10  km 

Figures  49  through  55  depict  mean  power  curves  for  each  of  these  geo- 
metries and  a 1 ns  pulse  beacon.  The  mean  power  reflected  from  th.  glistening 
surface  together  with  the  direct  power  return  entering  the  sidelobes  ot  the  receive 
beams  is  graphed  in  each  of  these  figures  against  time  delay,  measured  with 
respect  to  the  direct  return,  for  each  of  the  scan  beams  shown  in  the  main  b am 
coverage  diagrams,  Figure  42.  Figures  4d,  51,  and  53  correspond  to  geometries 
1,  2,  and  3,  respectively,  with  the  terrain  between  the  receiver  and  the  source 
having  an  rms  slope  of  . 1 and  0h/\  = 5 (moderately  rough  surface).  Figures 
50,  52  , and  54  are  for  the  same  respective  geometries  except  that  a hill  has 


1 Elevation  is  measured  v ith  respect  to  the  local  horizontal  at  tin  radar . 
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been  added  between  the  receiver  and  the  source.  The  hill  has  a slope  ±.  0470h 
radians;  a maximum  height  of  3 m;  and  extends  from  m89.  6 m to  1114.4  m d >\n 
range.  Figure  55  corresponds  to  geometry  1 over  an  ocean  at  sea  state  3. 


A comparison  (geometry  l) 
VOLTAGE  option  (VOLT  = T)  is 
scan  beams  in  Figure  42  and  for 


between  the  power  option  (\OLT  = Fi  and  the 
given  in  Figures  56  through  60  for  each  of  the 
a very  rough  surface  (RQ  = .25,  Cn/>  lf>). 


4.  6 Recommendations  for  Program  Refinements 

Although  the  computer  simulation  is  detailed  in  its  treatment  of  the  current 
multipath  theory,  there  are  certain  modifications  which  should  be  made  that 
would  add  to  its  flexibility  and  usefulness  as  a model  for  practical  measurements 
over  ground  and  water.  Some  of  the  more  important  refinements  are  suggested 

below: 


1.  In  the  present  version  of  the  computer  simulation  the  user  may  alter  the 
surface  statistics  and  allow  for  gross  terrain  features  between  the  receiver  and 
source.  This  is  done  however,  as  a function  of  down-range  distance  from  the 
receiver,  that  is,  the  terrain  features  may  be  accounted  for  and  the  surface 
statistics  altered  on  various  down-range  intervals  between  the  receiver  and  the 
source.  To  bring  this  terrain  model  into  closer  agreement  with  what  will  be 
found  at  the  measurement  sites,  provisions  should  be  made  for  the  input  of  terrain 
characteristics  as  a function  of  both  down-range  and  cross-range  position.  This 
can  be  done  by  dividing  the  tc r rain  (independent  of  the  glistening  surface  sub- 
divisions) between  the  receiver  and  the  source  into  patches  and  allowing  for  the 
input  of  a matrix  of  surface  characteristics,  with  each  row  of  the  matrix  contain- 
ing the  surface  data  for  a patch.  Then  as  the  glistening  surface  is  scanned,  the 
matrix  of  surface  data  can  also  be  scanned  for  the  correct  terrain  statistics  over 

a glistening  surface  patch. 
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2.  Although  the  user  may  allow  for  gross  terrain  features  between  the 
receiver  and  the  source,  the  shadowing  of  terrain  features  by  others  is  not 
accounted  for.  If  the  model  is  to  simulate  actual  test  data,  the  inclusion  of  these 
shadowing  effects  should  be  added  to  the  computer  model. 

3.  The  antenna  patterns  currently  used  in  the  simulation  are  analytic 
(Bessel  functions).  Although  they  served  the  purpose  during  the  simulation 
construction,  debugging,  and  testing,  provisions  should  be  made  for  the  input  of 
actual  far  field  and  near  field  antenna  patterns.  Since  all  analytic  patterns  are 
currently  established  by  subroutines,  this  modification  would  require  only  the 
-eplacement  of  these  routines  by  those  appropriate  for  the  input  and  interpolation 
of  the  actual  patterns. 

4.  The  simulation  currently  uses  the  equivalent  4/3  earth's  radius  which 
appplies  only  when  the  index  of  refraction  decreases  uniformly  with  increasing 
height.  A normal  profile  of  refractive  index  however,  does  not  describe  all 
propagation  conditions.  Provisions  should  therefore  be  made  for  computing 
the  effect  of  the  propagation  medium  (changes  of  atmospheric  refraction)  on 
radar  coverage  and  to  incorporate  these  effects  in  measuring  the  glistening 
surface  and  the  reflections  from  this  surface. 

5.  Finally,  in-plane  closed  loop  tracking  is  now  available  in  the  elevation 
coordinate  only.  Modifications  should  be  made  to  allow  tracking  in  all  radar 
coordinates  for  targets  on  general  flight  paths. 
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Figure  55.  Multipath  Power  Curves,  Mean  Power  vs  lime  Delay 

(over  water -sea  state  3) 
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Figure  57.  Multipath  Power  Curves,  Mean  Power  vs  Time  Delay 
(3  = .25,  a./X  = 10,  Geometry  1,  6 = .5°) 
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Figure  58.  Multipath  Power  Curves,  Mean  Power  vs  Time  Delay 

(9_  = .25,  Ch/>.  = 10,  Geometry  1,6=  .4°) 
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Figure  59.  Multipath  Power  Curves,  Mean  Power  vs  Time  Delay 

(B  = .25,  o,  />  = 10,  Geometry  1,6=  .3°) 
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Figure  60.  Multipath  Power  Curves,  Mean  Power  vs  Time  Delay 
(g  = .25,  C./\  = 10,  Geometry  1,  6 = .25°) 
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SECTION  5.  RECOMMENDATIONS  FOR  PHASES  11  AND  III 

The  material  presented  in  the  previous  sections  represents  a compre- 
hensive study  of  the  feasibility  of  performing  and  carefully  interpreting 
meaningful  diffuse  reflectivity  measurements.  The  techniques  developed 
appear  promising  and  it  is  believed  that  the  equipment  can  be  assembled 
quickly  so  that  measurements  can  begin  early  in  the  spring  of  1975. 

Figure  61.  is  a tentative  recommended  schedule  for  carrying  out  Phase 

II,  Measurements  and  Data  Reduction.  Phase  II  would  be  performed  over  an  18 
month  period,  terminating  in  April  1976.  Phase  111,  Comprehensive  Reporting, 
would  follow  directly,  concluding  after  six  months  with  the  publication  of  a hand- 
book of  surface  reflectivity  incorporating  all  the  latest  information.  The 
total  effort  would  be  completed  over  a two  year  period,  which  allows  adequate 
time  for  gathering  data  over  varying  terrain/ocean  sites  during  all  seasons 

of  the  year. 

It  is  recommended  that  the  first  three  measurements  sequences  be  per- 
formed at  Otis  AFD,  Race  Point  Coast  Guard  Station,  and  Westover  AFB 
in  that  order.  Subsequent  measurements  will  be  made  over  more  complex 
terrain  to  be  selected  after  experience  with  initial  measurement  activity  has 
been  gathered.  As  the  seasons  change  a few  sites  will  be  revisited  to  obtain 
comparative  data.  Analysis  effort  will  be  interspersed  with  measurement 
activity.  This  procedure  will  contribute  to  continual  improvement  of  tech- 
nique and  it  will  also  insure  true  availability  of  up-to-date  reflectivity  infor- 
mation. 

Phase  II  would  begin  in  November  1974  with  a four  month  preparation 
period  during  the  winter  months  during  which  equipments  would  be  ordered, 
constructed,  assembled  and  checked  out.  In  addition,  analysis  software  would 
be  generated  to  permit  accurate  interpretation  of  measurements  in  terms  of 
the  current  diffuse  reflectivity  theory.  Final  preparation  would  be  made  at  the 
first  site  (Otis)  and  measurements  would  begin  in  March  assuming  that  all 
snow  had  cleared  away,  which  is  normally  the  case  at  that  time  of  year.  Data 
analysis  would  be  performed  at  Raytheon.  Wayland  immediately  following  the 

measurements. 
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The  measurement,  analysis  pattern  would  recur  a number  of  times  through 
March  1976,  with  measurements  in  January  and  February  constituting  winter 
repeats  at  sites  visited  earlier.  Consolidated  data  analysis  would  then  be  per- 
formed and  issued  in  a Final  Report  early  in  May  1976. 

The  plan  for  Phase  II  will  be  provided  in  greater  detail  in  a formal  pro- 
posal soon  after  submittal  of  this  report. 


139 


I 


APPENDIX  A 
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APPENDIX  B 


MULTIPATH  COMPUTER  PROGRAM  LISTING 


PAGE  1 

PROGRAM  MlllTPTH 


c 

c 

c 


c 


PROGRAM  multpthc  Input, output, PUigCM,T»PEi« I NPUT.T*PE6«0UTf>UT, 

j T*Pf 7«PUnCH, T*PEl?) 

WHITTEN  BY  P.E.CORNwFlL  AnO  S.PqWEBS  Hit  1R7U 

COMMON  yOUT2(lfl2, 1«J ,RDynuT2(l02) , RYOUT 2 ( 1 ft2 , 1 ft ) 

COMMON  OELOUTU27,t<n,XUUTClA2#lO>.YOUT(IO?,10),fXTRA(lC,i), 

1 OUTCC127) ,DARRAY(127) 

COMMON  rOELOUT (127, 1 0) , RXUUT ( 1 02, 1 0) , RYOUK 1 <12, 1«) , RFxTrA ( 1 0 ,2) , 

1 H»mOARY(10) 

common/tbp/JCail 

COMMON/bE A MS/s angle n0,2),UXS(l0l.UYS(10),UZS(10) 
COMMON/OERV/PABHAYU?7),ARYPAH(5),GBETZOf  1 A ) , G1 0 * G?0 < 1 0 ) , NP, 

1 0 IROOP, DELT, UnI FORM, R angle, SIGZO,ROZERO,NCC, 

2 FjRPI,Pin2, XTH,YTR,ZTR,HTR,RHOAHY(10) 

COMMON/EXT/NYMAX 

COMmON/INC/OX, OY 

common/ INPUTS/ X TP, YTP,ZTP,*TV,YtV,7TV,XRP,YRP, Zrp, grmax, graph, ng, 
s NSAMPLF, VULT. VPUL.NSLUPE, SLOPE f 10,0), 

s NXSDMX,  NYsnMX,OG«  ALL,  Uf.BALU  1 , TRACK,  NOuT, 

* PI, HEARTH, KLAM.PAsSTGT, FORWARD, PIIl9E*S0PUlSE,PWIDTM 

common /P A to/ JD.BWO.CO, AO.SIOD, Js # BWS, CSC  An , ASC An , Si 0«C *N, 

» JB,BWB,CP,*B,SI0B 

COMmON/PGAIN/GT,PT,GR,RaOCOn 
CUMMON/PLTVPF/PENPLOT 

COMMON/pOINT/UXPOInt,uYPOINT,UZP0INT,DSINEC  in) 
C0MM0N/PR0PT/PRINT1,PHINT2, PRINTS, PHINTR,PBINT5,IPBINT (20) 
COMMON/RTyPE/ SPEC, DIFFUSE 
COMMON/xSTUFF/ROXOUTf 1 021, RQVQUTt  1021 

COMMON/TGaINO/G20P(«)  ,Ginp((4) 

COMmON/TGaInp/G1P(«) ,G2Pf«1 
COMMON/TbK/PMITP,PHItPD,PHITPOO,  ANTSLOP 

COMMON/8lNFO/SCUUNT,SOATAl(100J,SOATA2(ino)»SD*TAi(ino) 

COMMON/sPOlNTs/  X8P(I00),y5PU00),7SP(100) 

COMMON/mULSPEC/SPCMECk 


OIMENSIon  ITITLE(B),TTITLEI(S) 
dimension  PMlERH(5nO) ,SRAnGE(50oT 
dimension  SUM(127),0FlTa(1?7) 

LOGICAL  VPOL, PULSE, P A SSTGT.FOHWaRU.SDPIIlSE. TRACK, GRAPH, OUTPUT 
LOGICAL  UNIFORM, VOLT, NFwSLOP.nEwHL AM 
LOGICAL  PENPLOT 

COMPLEX  R0Zt«0, Of I.OUT,OUTC,tXT»A»XnuT,YO'lT, MHOARY 
COMPLEX  YOUT2 
COMPLEX  SUM, DELIA 

REAl  mInOEL.maXOEL 

LOGICAL  8PEC,0lFFuSE,0flBDIR 

LOGICAL  PHInTi,PRINT?,PHInT3,P»INTU,pRTnT5 

real  MInDELF.MAxDELF 


B - 1 


PaG£ 
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PROGRAM  miiltpth 

iNTtGER  SCDuNT 
iNTEGtP  Runn 


DaTa  ITITlE  / 1 Oh  POmFH  FOH,10M  C*  CASE  .10H  . 

1 10m  ,10m  / 

OAT*  ITITLE1/10H  POmFH  FOh.IOh  pULSt  C*S,iOhF  , 

1 lOh  « 1 OH  / 

data  FTcOnv,RE*HTm,PI/. J0u«, «.?£«>, 1.1 ulbOafeSTSARA/ 

DATA  JD,JS, JB,X0R/2,?,2,1./ 
data  yMUfUMSfBHd  /.s,.5,oo./ 

OATA  IDIM  /10/ 

NAMtLIST/UUT/U*S,UYS,uZS.U*Pni‘JT,UVPniNY,uZPniNT 
NAHELXST/INPO/PNF, TIMEOUT, RTBHJn.HThha* 

NaHEUST/IKPI/THACK 

NAMtl  ISt/INP2/Oi;HaLL,DGBALL1,OX,OY* 

X GR,GRO,&RMax,UT,hr, 

1 NT, IC<LC,M*XOtL, mindEl,nREAMS,N(jiiT,NP,NR,nSA“PLE.nSlOPE, 

2 NYMAX , DbBD IR » 

1 NXSDHX»NYSDHX,PT,PwinTH,S|GZO,Xl.AN'*XV,  Yv.ZV,  GRAPH, 
a nEaBLAm.nEaSlOP, OUTPUT, paSSTGT, PuLSE, SiJPuLSF, Uniform, 

5 VULT,  yPUL* SPEC, DIFFUSE, PRINT  1, PH TNT2, PRINT 5, prTnT4,PPINTS 
b ,PENPLOT,SANGLt,SLUPE,NPN 

INITIAL  CONSTANTS 

JCALLbO 

JTIME.O 

JJ«l 

JTT»0 

JT"0 

JJM*X«1»0 

RUNNal 

OEGcOnVbPI/180, 

A«1 , /SORT (2,  ) 

FURpi«a,*Pl 
PID2«PI/2, 
read  I Np 1 
PRINT  InPI 

IF (.NOT.THACK)  GO  To  5 
READ  I Np 0 
PRINT  InPO 
PRIei  ,/PRF 

IFCPRI.GE, TIMEOUT)  GO  TO  6 

TIMMbTiMEOUT/PRI 

«TLNTH"INT(TINTH) 

TLNTHP«kTINTh 

IF(TLNThP.EU.TLNTh)  ..0  TO  5 
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program  multpth 


program  multpth 


, 


TIMEOUT«TlNTHP»PRI 
8 WRITE (8, 3051) TIMEOUT 
GU  TO  5 
6 TJMEOUTbPRI 
GO  TO  8 
C 

c initilize  input  data 
c 

5 SZGZOa  1 . 0 
GT-1.0 
PT-1,0 
GRR 1 • 0 

XL AM,. 0 164592 

grmaxriqoqo.o 

NBEaMSRIDIM 

NGRi 

NPR5 

ICAlCrO 

N9LOPER2 

NOUTR20 

OXRIOO.O 

OVRIO.O 

NXSOMXRlO 

NYSDMXRlO 

NSAMPLE*! 

dgballr.oi 

OCBaLLIb.01 

nrri 

PENPLOTb. false. 
OBBOIRR. FALSE. 
PwlUTMRl .0E-09 
NEWBEAMb.TRUE. 
NEWBLOPr.TRUE. 
VOLTR.EaLSE. 
UNIFORM,. FALSE, 
SXGZOrI.O 

outputr.true, 
vpolr, false. 

GRAPH,. FALSE. 
PULSEr.TRuE. 
SBPULSEa.TRUE. 
PA8STGT,. FALSE. 
SPECr.TRUE. 

DIFFUSE,. TRUE. 

HRRU.O 

HTR200.0 

GROrIOOOO.O 

NYMAXalO.O 


XVR-1000.0 

YV  RO.O 

ZV  RO.O 

MINdEL«0.0 

MAXOFLR2000 

printir,  false. 
PHINT2R.FALSF. 

PRINT3". FALSE. 

printrr. false. 

PRINT5R. false. 

c 

C ZERO  OUT  STORAGE  ARRAYS 
C 

DU  7 J«i»IOlM 
UX9 ( J) *0  • 0 
UY9  C J)«0  »0 
UZS(J)R0.0 
7 CONTINUE 

1010  CONTINUE 
UXPOInTbO. 

UYPOInTbO. 

UZPOIi'TbO. 

1011  DO  10  ..*,1,127 
PARRAY(J)rO.O 

10  continue 
ptri. 

DO  12  J,1 , 102 
DO  12  X,1 , IDIM 
XOUT(J,K)RO.O 
YOUT(J#K)rO.O 
YOUT2(J,K)rO.O 
RXOUT (J,K),0 .0 
RYOUT(J,K)rO.O 
RYOUT2(J,K)RO. 

12  CONTINUE 

DO  14  JrI'127 
SUM(J)R0.0 
DELTA( J)"0.0 

14  CONTINUE 

DO  13  Jal , 127 
DO  13  K,1 , IDIM 
DELOUT(J»K)RO.O 
RDELOUT (J,K),0 . 

13  CONTINUE 

DO  15  1,1,20 

15  IPRINT(l)RO 

DO  20  Jb1,ID!M 
G20 (J)RQ» 
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PROGRAM  MIILTPTM 


RmOARY(J)«0,0 
RHHUARY ( J) bO • 0 
EXTRA (J( 1 ) aO • 0 
EXTRA(J,2)a0,0 
REXTRA(J»n«fl.O 
20  RE*TRA(J,2)«0,0 

IF(TRACK.ANO,JT.EQ,n  GO  TO  lb 
C 

c 

READ  1NP2 

C************** ••*••***•** *********** A** *******.*********** 

PRINT  InP2 

IF(.N0T.3PEC.ANQ., NOT, DIFFUSE) STOP  10 
SpCmECK«SQRT(OX**2+OY**21 

c 

C ESTABLISH  PuUSE  SHAPE 

lb  I F (PULSE  J CALL  PSHaPE(PWII3TH,NPN,PaRRAY,DElT) 
IFtTRACK.ANO.JT.EQ.nGn  TO  1« 

c 

C RECEIVER  POSITION  In  REFFKFnCE  COORDINATE  system 

c 

XR-0.0 

YRPO.O 

ZR«REARjHtHR 

c 

C INITIAL  Target  POSITION  In  HFFErEnCE  COORDINATE  SYSTFH 

c 

X T»C RE ArTM+MT)*SIN(GRQ /HEARTH) 

YT»0,0 

ZT»(REARTH+MT)»cns(GPO/REAfiTH) 

C 

C SET  UP  VECTOR  FROM  RFC  IE VEB  TO  TARGET  (REF.  r.QORD,  SYSTE*) 

C 

18  XRT»XT-XR 
YHTiYT*YR 
ZRT»ZT-ZR 
C 

C change  TO  A UnIT  VECTOR 
C 

RRT«9QRT(XRT**2tYrT**2TZRT**?) 

UXRT»XRT/HRT 

uyrt«yrt/hrt 

uzrt«zrt/hrt 

c 

C RECIEvER  POSITIUN  In  HECIEVER  COORDINATE  SYSTE* 

c 

RANGLE«aTAN(YT/XT) 

CALL  HCOORnCRANGLE.XR, YR, ZR,XHP,VHP,ZRP) 
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PBUGHAM  MIILTPTH 


VECTOR  FRUM  TARGET  TO  RECEIVER 

CALL  HCOOHO(R ANGLE *-VRT,-yflT ,-ZrT,XTR,YTR,ZTB) 
RTB«RRf 

TARGET  POSITION  IN  RFC  IE VER  CUOrDINATE  SYSTEM 
CALL  RCOOHO (RANKLE, X T, Y T. ZT,Y TP, T TP, ZTP) 

TARGET  VELOCITY  IN  RFCIEVER  CUOrDINATE  SYSTEM 

CALL  RCUOHO IR ANGLE, XV,YV,ZV,X TV, YTV,ZTV) 

INITIALIZE  TRACKING  riLTFRS 

IF(.NUT.THACK)  go  TU  17 
IF(JTIME.GT.O)  GO  TU  17 
CALL  T"kINIT(SUM,oELTA,1,PMITS#tIHFUUT> 

CUMPUTE  HuRIZON  GROUND  RANGE 

17  CUEARACuS(REARTh/(REARTHTHRn 
HGRiREArTmpCOEA 

compute  slant  range  to  horizon 

HSL»REARTh*TAN(COEA) 

establish  arypah  (Graphing  limit*) 

IFUCALCiEQ.O)  go  TU  S5 
AHYPAR(1)rHINDEL 
AHYPAR(2)rMAXDEL 
GO  TO  70 

55  ARYPAR(1)RMIN0EL 

IF(MR.LT.HT)  GO  TO  6" 

AXrXTP 

ay»ytp 

az»ztp-rearth 

RARRSQRT(AX**JfAY**2*AZ*A£l 
ARYPAH ( 2) bRAR+MR-RRT 
GO  TO  70 

GO  IF (GRO# GE,HGR)  GO  TU  56 

AXRREARTH*SIN(GR0/REARTH) 

AY»0,0 

AZ«ZP-RE*RTH*CO5(GR0/REARTH) 

RARrSQRT(AX**2*AY**2aAZ**2) 
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PROGRAM  MULTPTh 


ARYPAR(2l*RAR»HT-RRT 
GU  TO  7fl 

56  COEAl»GRO/RtARTrt 

DTHfcTAA«AB3(CQEAl«COEA) 

TGl»REARTM>»«2t(REARTM4HT1**2-2.*RfcARTH» ( RE  ART M»HT ) *COS t DTHE T A A ) 
TG»8QRT ( TGI ) 

*RYPAR(2)»HSL+TG-RPT 
70  IF(PUUSE)  GO  TO  75 

ARYPARC  J)«tAPYP*R(?)-ARYPAPCn) 

ARYPARC J)»ARYPARC3)/NOUT 
GUTO  76 

75  ARYPAR(3)»DfcLT*i.E8 

76  BUUT»(ARYPAH(2)-ARYPAHCn) 

BOUT»BOuT/AHYPAR(3) 

NUUTpINT (BOUT) 

IFCnOUT.EQ.QIGO  TO  77 
IF (NDuT .GT . 1 00) NOuT«l  00 
COUT«NOuT 

ARVPAR(2)«ARYPARt3)*COUT 
ARYPAR(2)»ARYPAR(2)tARYPAH( IT 
GO  TO  7b 

77  NPNbNPN*  1 
NP»nPN 

DELT»PRIDTH/npn 

ARYPAR(3)«DELT*3,E08 

IF  C NPN , GT ,100) GO  Tn  700 

CALL  PShAPE ( PuIOTH, NPN, PARRA Y, DEL T) 

go  to  76 

700  JJ«JJ-1 

WRITE (6, 3053) 

GU  TO  U999 

CALCULATE  TmE  DIRECT  DOPPLER 

7B  D1ROOP»xTV*UXHTaYTV«HYRT*ZTV*UZrT 
DIPDOPp-DIROOP 
IF( JT.EQ, J ) GO  TO  6000 

surface  slope  information 


86  DO  85  J»l,NSLUPfc 

GBETZOt J 1 ■ C 1 . /TAN ( SLOPE ( J,2))}**2 
85  CONTINUE 


c establish  all  antenna  patterns 
c 

90  ifctrack)  go  to  ioo 


v 
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PROGRAM  MULTPTH 


ihrunn.gt.dgo  to  120 
OIRECT  BEAM 

CALL  PATTERN(J0,B«0,C0* AO,«IflO# A) 

SCAN  BEaM 

CALL  PATT£flN(JS,Bi«S,rSCAN,ASCAN,S10SCAN,  Aj 

target  beam 

110  IF(, NOT, PaSSTGT)  CALI  PaTTERN(Jb#BMB,CB»A8,ST0B#A) 
GO  TO  120 

TRACKING  beam 

100  CALL  TBE*M(UMD,  jn,X0B,C0. AD,  S 1 0D » S I ID) 

JT«1 

GO  TO  6000 

IP  PASStGT  ESTABLISH  POINTING  OlRECTION  OF 
TRANSMIT  BEAM  in  HECFIVER  COOROlNATt  SYSTEM 

120  IF(, NOT. PASSTGT)  Gn  to  125 
UXPOInTb-XTH/HTH 
UYPOINTb-TTR/HTH 

uzpoint«-zth/rth 

compute  UNIT  VECTORS  op  scan  angles 

125  IP(,N0T.NERBEAM)G0T0  |3| 

DO  130  JRUNBEAhS 
S ANGLE (Jf l)*SANGLE(J* 1)*DEGCOnV 
S ANGLE ( J»2)pSANGLE( J* 2)*0EGC0nV 
XS«COS(S*NGLE(J,2) )*COS(S ANGLE ( J#  D) 

Y|«COS(S*NGLE ( J| 2) ) «S IN ( S ANGLE 1 ) ) 

ZS»SIN(S*nGLE ( J*  2) ) 

RS»S0HT(XS**2tYS»«2tZ8*«?) 

UXS(J)»XS/RS 
UYS{J)RYS/PS 
UZ8(J)»ZS/RS 
130  CONTINUE 

COMPUTE  OIRECT  BEAM  POWER 

131  OPOwERppT  *GT*GR* (XLAM«*2) / ( (FORPl*RRT )**2) 

IF (PASSTGT)  OPOrERROPONER*8XGZO/ (FORPI*RRT**2) 


B-7 


u u u u uuu  ooo 


page 


9 


program  miiltpth 


GO  TO  150 
60  0 0 Nd£ APP«<1 

VOLT*. true, 

p asstgt» .true . 

NbEAMS«« 

IFCJTT.EQ.1)  go  TO  1U9 

UXPOlNT.-xTR/RTH 

uypoint.-yth/rth 

UZROINTb-ZTN/HTR 

JTT*1 

1«9  CALL  BlPOSTN(UXS,UVS.UZS»SllD) 


ESTABLISH  slope  of  dflTa  vfctop  *t  origim 

ASSUMING  INPLANE  MOTION  AND  ANALYTIC  PATTERNS 

if(jtime,eq.o)Call  otkslopud.cd.ao.uxs.uys.uzs.antslop.xrt.zht) 


cqhpute  po«e«  *no  pulse  shape  *t  targt 


150  !FC.NQT.VOLT.OR.THACk)NSAmPlF«1 
DO  20  0 0 NSal'NSAMRLE 
NP«NPN 

ESTABLISH  PULSE  IF  PULSE  * .TRUE.  AND  NS  ,NF.  1 


199 


200 

6010 


209 

206 


IF(nS.Eq.1)GOTO  199 

IF (PULSE) CALL  PSH*PE r PHIOTH.NP, PARRA Y, CELT) 
JF(TRACk)  GU  to  6010 
IF(PASSTGT)  go  to  200 
FORhAROb. FALSE. 

call  dpg*in(nbeams) 

CALL  SCaN(NBEAM5) 

GO  TO  Boo 

NBE AMP»1 
FORhAHOb.TRUE, 

CALL  DPG*IN(NBEAMP) 

CALL  SCAN(NBEAMP) 

IF(PULSE)  go  to  2 1 0 
PT«RHO*RY(l) 

IFC.NOT.TRACKJGO  to  209  

SUH(l)9,5*(RH0AHY(l)*RHUARV(2)*RHaAHV( J) ♦RHOARY ( U ) ) 

PT»SUM(l)«CONJG(SUHCD) 

GO  TO  20« 

CONTINUE 

!F(VOlT)PT*HhjaHV ( 1 ) *COnJG(«HOAhvu ) ) 

CONTINUE 
GT»1.0 
GO  TO  220 


/ 
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PROGRAM  MDLTPTM 


210  PT»1.0 
GT»1.0 

!F(.NOT.THACK)GU  TO  211 
DO  212  J-I.nBEAmS 
CALL  CONVOL(J) 

DO  213  K»1,NCC 

oelout(k*j)»outc(k; 

213  CONTINUE 
212  CUNTINUE 

DO  214  K*1 * NCC 
NP«NCC 

SUN(K)«.5«(UELnuT(K,l  )ADELnuT(«,2)ADFLDUT(K,3)*DELDuT(K,U)) 

3«3UN(*)*CONJG(SUM(M) 

PARRAY(K)*3aRT(S) 

214  CONTINUE 
GO  TO  220 

211  CALL  CONVUL(l) 

np*ncc 

DO  240  J*1 #NCC 
PARRAV(J)»OUTC(J) 

3«OuTCt J)*C0NJG(0UTCIJ)J 
IF(VOLT)PARHAY(J)wSQRT(S) 

240  CONTINUE 

220  FORwAHDb.FALSE. 

C 

C CALCULATE  POWER  FOR  RETURN  TRIP 

c 

CALL  DPgAIN(NBEAN3) 

CALL  SCaN(NBEAHS) 

800  IF (PULSE)  GO  TO  820 
IF(.NOT.THACK)  GO  TO  801 

3UM<l)R,5*<HH0ARV(l)4RHUARY<2)tRH0ARY(J)»RH0AHY(4}5 
0ELTA(1)R((RH0ARY(1)4RH0ARY(2) >-<RH0ARYC3)4HHQARY(4))) 
DELTA(1)R.5*0ELTA(1) 

GO  TO  8000 

801  DO  830  JR1#N8E*M3 

IF(VOLT)RMOARY(J)«RMHARY(J) *CQNJG (RMOARY ( J ) ) 
RRH0ARV(J)»HH0ARY(J)4RRHnARY(J) 

830  CONTINUE 

DO  840  JR1'102 
DO  840  KRl'NBEAMS 

IF (VOLT ) XQUT (J#tO»*OUT(J#F)*CONjG(XOUT(J»K)) 

IF (VOLT) TOUT (J#tO»YOUT(J.K)*CONjG( TOUT (J.K)) 
IF(VOLT)YOUT2(J»K)RYOUT2(J»K)*CONJG(YOUT2(J»K)) 

RX0UT(J,K)rX0UT(J,K)4RX0UT(J»8) 

RYOuT(J#K)rHYOUT(J.X)+TOUT(J.>0 

RYOIJT2(  J»K)rRYOUT2(  J#tOtY0UT2(  J#K) 

840  CONTINUE 
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PROGRAM  MIILTPTh 


GO  TO  2q00 

IF(. NOT. TRACK)  GO  TO  B ? 1 
DO  822  J«1*nBEAM9 
CALL  COnVOUJ) 

DO  823  K«1*NCC 

OELOUT(K#J)"OUTC(K) 

CONTINUE 

CONTINUE 

$UM(<)RllU(OELOUTCK,l)*OrLnuT(«.2)AOELOgT{N,3)*OCLOuT  {«,«)) 

OELT*(k)“OELOuT (K, 1 )*OELOUT (K,2)*DELOUT(K,5)-OElOU  ( * 1 

DELTACK)R.5*DELTA(K) 

CONTINUE 

CALCULATE  N0M8FH  QE  RTS , IN'  GaTe(NBNG) 

RE90LTN«( 3.E08) •PmIOTh 
*NRnG»ReSOLTN/arvpah(31 
nrng«Int(xnhng) 
ynRnGpnrng 

Iff  YWHNG.LT.XNRNG)NRMG«.'‘PNG*l 
IF(RESOlTN,GT  ,ARYpAHf2) ) Nn NGRNC  C 
GO  TO  *000 
1 00  850  J»l#NflEAM9 
CALL  COnVOL(J 
00  850  K* 1 • NEt 

IF( VOLTlOtl  dUT(K,J)-nELOUT(K.J).CONjG(OELOUT(E.J) ) 

ROELOUT (K#J)rROELOUT (K*  JJaOELOUT (8* J) 

CONTINUE 

00  880  JPl.NSEAMS 

ir(YOLT)EXTHA(J,K)«E*TPA(J.K)*CuNJG(FXTRA(J,K)) 

RE*TRA(  J*K)«REXTRA(  J,iOaFXTRA{  J « K ) 

0 CONTINUE 
GO  TP  2000 

!o  cSll’tbckisum.oelta^nrnc.pmits.tIheout) 

COMPUTE  true  TARGET  FLEVATION 

T1«S0RT(XT*»2*YT»»2*7T»*2) 

T2»SORT(XR»*2yYH««?*7R»*2) 

T1*S0RT((XT-XR)**2*CTT-YR)**?t<2^-EH)«*2) 

TtLEVP*COS((TJ**2«T2*,?"Tl**?5/l’<*I'*'*'' 

TELEV«TEL£V-PI/2. 

TELEVD«l80./pI*TELFv 
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PROGRAM  MIJlTPTM 


c point  tracking  «eam<for  tnplanf  target  only) 
c 

PMlRAD«pHlTP»Pl/ieO. 

AZPaO.O 

UXPTaCOS(PNlRAO)*cnS(AZP) 

UYPTaCO$(PMlRAO)*SlNf AZP1 
UZPTaSlN(PHlRAO) 

C 

c rotate  PO/.NTInG  direction  to  RECEIVER  COORD.  SYSTEM 
c 

CALL  HCoORDCAZP,UXPT.UTPT,UZPT#U)(Pf’INT.UTPPINT,UZPOINT) 

c 

C SET  POSITION  up  TARGrT  FOR  NEXT  TIME 

C 

C CONSTANT  VELOCITY  ASSURED 

c 

XT»XT»Xv*TlMEUUT 

YTaYT+Yv*TlMEOUT 

ZT«ZTaZv*TIMEOUT 

C 

c compute  new  target  height 

c 

HTaSQRT(XT«*2AYT*«2AZT**?) 

H|aHT»RE*RTH 

C 

C COMPUTE  GROUNO  RANGE  TO  TARGET  FOR  NEXT  TIN| 

C 

XYLaS0RTtXT**Z»YT**21 

STM«AT*N(XYL/ZT) 

GROaRE ArTH*STH 

C 

C COMPUTE  ERROR 
C 

PHlERRMiPHlTS-TELEVO 
9010  PHlERR(JJ)aPMIIRHP 
SRAnGE ( JJ) aRTR 

RRITE(4,3052)SRANGE(JJ),PH1ERR(JJ) 

J052  FORMAT (6*7M8RANGEaE20,B,THPHIEPRaE20. 8) 

IF(RTR.lE,RTRMIN,0".»TR.GT,RTRM*X)  go  TO  «999 
IF(JJ.GE.JJMAX)  go  to  4999 
JjaJjT t 
JTlMEal 
GO  TO  10U 
4999  DO  5999j»l » JJ 
INajJpl 
INN«IN-J 

SR*NGE(j)aSRANGE(INNT 

RHlERR(J)aRHIERR(INN) 
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PROGRAM  MULTPTH 


5999  CONTINUE 

CALL  P!cTU«C3HANGt,PM!E«»# JJ1 

IE(PENPlOT)  Call  PEnn(3ranGE«PhI£Rb»JJ*1*6) 

GO  TO  5000 
2000  CONTINUE 

oo  e*o  j»i» loo 

DO  890  K»1#n8E*HS 

rxOUT( J,K)bHXOUT (J#K V^SAMPLf«( 1 ./ (120, »p!i  5 

RYOuT(J»,<)“RvOUT(J#K)/NSAMPLE*(l«/n20«*p!)) 
RYOUT21 J#K5 ■»YOuT2( J#K) /NSAMPlE* ( 1./(120.»BI5) 

!F(  .MOT.DbBOlRjGOTO  *90  ....... 

IE CHXOUTt J » K ) .LT.l.E-aOiRxOUT  CJ,^3»t.E-«0 
IE(RVOUT( J » K ) ,LT. I.E-UOIRYOUT { J,*)«l .E-90 
!MHVOUT2{J.K).LT.l.r-«OJRVOUT2(J.«)-l.t-«» 

RXOUT{J,K).lO.*ALOGlO(RXOUT(J,«)/OPOWER) 

RYOUY(J#R)*10«*ALOG10(®YOuT ( J » K i /OPORER) 

RYOUT2( J»K1«10.**LOG1  0(RTOUT2( J,* J/DPQRER) 

IE (RXOUT(J»*5 ,LT.-200.5RXOUT(J#k5«-20Q. 

IE ( RVOUT ( J » * 5 ,LT,-200,)RVOUT( J#k5»-200. 

IE(RYUUY2(J.*).LT.-200.1RYOUT2(J.K5»-200. 

690  CONTINUE 

DO  891  J*1 . NBEAMS 

RRHOARY(J5«RRmOaRy(J5/nsamPlE«(1./( 120. •*»! J ) 

691  CONTINUE 

DO  892  J»1»NCC 
DU  692  Xs 1 i nBEAMS 

RDELOuT(J,K5«HDELOUTf J,K5/NSAMPLEA(l./(l2C.«pn) 
IFt.NOT.DdBDIRJGO  TQ  692 

IE (RDELOUT ( J » K) ,LT.l.E-a0lRi)ELOuT( J#E)»l.E-«0 
892  CONTINUE 


IE  A PUlSE  RADAR  is  msec , ESTABlISm  DPOmER  AS  * FUNCTION  UE  time 


DPOnER°DbOwER/ ( 120. *PI 5 
DPDB«10.*ALOG10(0PO«FR5 
DELOUT (l» 1)»DPOmER 
DO  895  J-2.NOUT 
DELOUT (J# 1 5*0.0 

695  CONTINUE 

CALL  COnVOLCI) 

DO  896  J* 1 * NCC 
DARRAY(J)»OUTC(J) 

696  CONTINUE 

IE(.NQT,OBBOIH)  GO  Tft  «9T 
DO  898  J«1.NBE*MS 

RDELOUT  {"!  J)«  10. *ALOr,lO(  RDELOUT  (K,J)/DPO*E») 
IE  (RDELOUTfK,  J5.lt. -200.)  RDELOUT(R.JJ—200. 


J 

l 

I 

I 

I 

i 
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PROGRAM  MULTPTH 


89B  CONTINUE 
89T  00  89)  J* 1 » N8E AMS 
00  69)  K*  1 » 2 

REXTRA(J#K)»REXTRA(J,K)/NSAMPLE*(1./(120.*PX)> 

IP(.NUT,DBBDlR)GO  TO  89) 

IF(RfXTR*(J#K).UT.l.F-«e)REXTH*(J,K)«l.E-«8 
REXTRA( J#iO«10.«ALOGl 0(RExTRA( J,K)/OPOWER) 

IP(RExTrA(J,K) .lT,-200.)9EXT9*(J#IO""286, 

89)  CONTINUE 

OUTPUT 

900  WRITE(6,)000)9COUNT 
DO  >010  J»  1 # 9COUNT 
WRlTE(6,)020) 

WHITE(6,)0)Q)X9P(J)#v9P(J)#Z9P(J) 

WRlTE(6,30«Q) 

3010  WRITE (8, 3050) 90ATA1(J)#30ATa2(J)#S0ATA)(J) 

IP (PULSE)  CU  TO  910 

WRITE(l2#995)(ITITLE(J), J«l#5)  , 

WRITE<12,920)C9ANGLE(I,l).9ANGLEU,2),«HMO*MYtI).I.l,NBEAN9), 

•( (RXOUT( J#K) # J«l# 102) #K«1 ,NBEA*S) # (t*YOUT( J#K) » J»l# 102) , *■!# 
SNBEamO  . (ROXOuT (J)#Jb1#102)# (rOyOuT( J) # Jb 1 # 1 02) # _Q 

• ((RYOUT2(Jf8)*J»l#102)*R9l#  nB|Am8) , (RDY0UT?( J )»JBl»l02)»  DPOWEH 
IPf.NOT,  OUTPUT)  GO  TO  1000 

WRITE (8 #925) (8 ANGLE ( I # l ) # 8 ANGLE (I»2)#HRN0aPY(I)»IbI #NBEAm5) 

wRITE(8,9#0)OPOwER 

PRINT  loO l # (ROXOUT (J)#J"1#102) 

PRINT  lo02.(ROYOUT(J)#Jal>102) 

PRINT  1oO).(ROYOUT2(J)#J*1#102) 

PRINT  1 0 0 At  • ( (RXOUT  (J.K)»J"1»102 
PRINT  1005#((RYOUT  ( J#*) . J"1 . 1 02 
PRINT  1008,  C(RYOUT2U#«)#J"  1#  102 
60  TO  1000 

910  WRITE (12 #995) (XTITLEI(J)#J*1»5) 

WRITE (12 #950) ((R0E10UT(J#K5  # J«l ,NCC) # K»1 » NBE AH9) , 

I (0 ARRAY ( J) # J»l #N0UT) , ( (REXTRA( J,R) # J«1#NBE*NS) r K»l #2) 

ip(. not. output)  go  to  1000 

WRITE(8,9*0) 

WRITE  (8, 970)  ARYPAR(l),ARYPAR(2),ARYPARO) 

00  980  J«1#NBEAN8  . . . 

WRITE (8, 965) J» 9 ANGLE (J# 1 ) # J # 9ANGLE( J#  2) 

WRITE (8, 990) (K, J#ROELOUT(K,  J)  #K«1#NCC) 

980  CONTINUE 

WRITE(8,999) 

WRITE(8,998)(0AR8AY(J),J»1,N0UT) 

WRITE(8,9«0)OPOB 


) ,K«l,NBE*M9) 
),K«l,NBEAH9) 
) # Ki 1 # NBE *N9 ) 
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WNI TF (6  997) 

WHITC(6^«6)  (t«EXT«*rJ#K1,K»l  «N8E*HSJ 

1000  IP(GRAPh)  CALL  PLUTT  (nBEAHS) 

CHECK  TO  SEE  IF  AnOTmE»  RUN  IS  TO  BE  HADE 

IF(RUNN  ,CE.  N»)  GO  to  5000 

runn«hunnm 

GO  TO  1010 

c 

C FORHATS 

c 

920  rORHAT(6X#5El5.b) 

9 30  FORMAT (/RX " THAZ IHuTH,  16*9H£LEV*TIUN, UKSHPOKFR/) 

9G0  F0RMAT(6X,6E15.6) 

9u0  F0RHAT(/22X(*DPUHER««  ElP.fc) 

960  FORMAT(/RX,3HHIN,21X,3MMAx#20X»«HOEL»/1 

965  FORMAT (21 X»*3aNGLE (*I2*# 1 5 «*F 1 5,6* *3 ANGLE (*!?*# 2) 9*E1 5*6) 

990  FORhAT(25x».RDELOuT (.13, .,.!?» *)B*E15.6) 

991  F0RMAT(//9X,«R0X0UT  AND  RDYOUT  A«HATS*) 

992  FURHAT(//RX,*RY0UT  AMD  RYOUT?  A«RAY8*) 

995  FORMAT (6*  » 5A 1 0 ) 

996  P0RMAT(5X.5E15.6) 

997  FORMAT ( /// 1 MX  .EXTRA  POmER  RETURN. 1 
999  FORMAT ( ///  1«X*  DIRECT  POnER  RETURN.) 

1001  FORMAT'//*  HOXOUT.  /M0E12.9)) 

1002  FQRhAT ( //•  RDYOUT.  /(;0E12.U)) 

1003  FORHAT(//.  HDYOUT2»/(10E12.«)) 

1000  FQRhAT ( //*  RXOUT./ClOEia.an 
1005  FORHAT  ( //•  RYOUT./MOE12.R)) 

100*  FORHAT (//»  RY0UT2./ (1 OE 12*#) ) 

3000  FORMAT (27mNumbER  UF  SPECUL*H  POINTS  •!«> 

3020  F0RMAT(32X.1«HSPECULAH  POINT) 

3030  FORMAT ( 6*# 1H(,E20.8, 1H#E2 0.6# 1H,E20,B»JH)) 

3090  FORHAT(l2x5HSDELB,liX«MHOS2, 1 2 X? HQ A I NS) 

3051  FORMAT (1XS9HT I MESTEP  BETWEEN  OUtPuTPOINTS  *.3  BEEN  ADJUSTED  To  EOu 
S,2HAL,E20.fl) 

3053  F0RMAT(23HADJ0STMENT  IN  NP  NEEDED) 

5000  STOP 
END 


i 

t 

I 

I 

I 

1 

I 

\ 

l 


1 


B-  14 


page 


16 


SUBROUTINE  ANTGaIn 


SUBROUTINE  ANTGaIN(PDATa,G1,G2,nBEAMS,SINe) 

external  gain 

c 

CUMMON  y0uT2(  1 02, 1 0 ) , RDyOUT2 (1 02 ) , RYOUT2 f 1 02 , 1 0 ) 

COMMON  OELOUT ( 127,1 01 , XQUTI 102# 1 0 } , YOUT ( t 02» 1 0 ) , EXTRA ( 1 o » 2) , 

1 0UTCC127),DAfiRAY(i27} 

COMMON  RDtLUUT ( 127, 1 n ) , RXQUT (1 02 , 1 0) , R YOUT ( 1 02 * 1 0 ) , RFxTRA ( 1 0 , 2 ) , 

1 RRMOARYUO) 

COMmON/TGaINP/G1P(#)  ,G2P<#) 

CUHNON/tGaIND/G20P(<0  , G 1 OP  t 4 ) 

COHrON/BEAMS/S»NGlE( 10#2T»UXS(10)»UYS(10J ,UZS(10) 
CUMmON/dERV/PaRHA Y ( l?7)»ARYPAR(55,GBETZ0(l0)»Gl0»G20(IB)»NP, 

1 DIRDOP,DFLT,UNIFORM,RaNGLE.SIGZO,ROZERO,NCC, 

2 FURPI,Rin2,XTR,YTR,ZTR,RTR,RHOARY(lO) 

COMmOn/iNC/DX,DY 

COMMON/ INPUTS/XTP,TTR,ZTR, XT V, YyV, ZTV,XRP,YRP, ZRP.GRMaX, GRAPH, NG, 
• NSAMPLEi VULTi vPOL.NSLUPE. SLOPE! 10,R), 

S nxSDMX,nYS0MX,0G8 all ,DGB all 1, TRACK ,NOuT, 

S P I, REAR ’M, XL am, PASSTGT, FORWARD, PULSE »SOPUlSE,PRIDTH 

CUNMON/PATO/JD,BWD,Cn, AO, S ICO, Js , BWS.CSC An, ASC A N, Si OSC An, 

S JB,BWB,CM,AB,SI0R 

COHMON/PGaIN/GT,PT,GR,RaDCOn 

COMMON/POlNT/UXPOINT,UTPOlNT.UZpOlNT,DSINE(in) 

CONMON/jPOINTS/  XSP(IOO), YSP(100),ZSP(100) 

COMmON/sINFO/3COUnT,rDATA1(1BO),SDATA2(10o),SDATA)(IOO> 

COHMON/PROPT/PRINT1,PRInT2,PRINtJ,PRInT«,PRINTB,IPRINT(20) 

c 

DIMENSION  PDATA(R),G2(101,SINE(lO) 

LOGICAL  VPOL, PULSE, pa SSTGT, FORM aRD.SQPULSE, TRACK, GRAPH 
LOGICAL  PRINTi, PRINT?, prints, PRINT#, prints 
LOGICAL  UNIFORM, VOLT 

COMPLEX  ROZERO,DElOUT,OUTC, EXTRA, XOUT, YOUT, RHQARY 
COMPLEX  YOUT? 

INTEGER  SCOUNT 
C 

IPRlNTf l)»IPRINT(i5»l 
IF(PRINt5)PRInT  7777 
7777  FQRMATC*  ANTGAiN*) 

C 

C ZERO  OUT  ARRAYS 
C 

DO  S J"I ,10 
02C J)«0,0 
5 CONTINUE 
giro.o 

DO  6 Jal , # 

G1P(J)«0,0 

G2P(J)«0,0 

* continue 
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subroutine  antgain 


CQHPUTE  VtCTOR  FROM  TARGET  TO  RaTC* 

XTG«PD*T*CU“*TP 

YTG«PD*T*(2)"TTP 

ZTGbPD*T* (2)»ZTP 

COMPUTE  vector  fro-  RECEIVER  TO  RaTCM 

XHG«PD*T*(U-XsP 

VHG«PD*T*(2}-YRP 

ZRGbRD*T*(3W»P 

CHANGE  to  UNIT  VECTORS 

RTGbSQR' (xTG**2»YTG..2*ZTG*«2) 

RHGbSQRTI xRG**2»YRG**2»ZRG**2) 

RTGI«1./RTG 

RTRI«1./»TR 

RRGH1./RRG 

UXTG«xTG*RTGI 

UYTG«YTG*HTGI 

uztg«ztg«rtgi 

UxTRbXTR*RTHI 

UYTRbYTR.RTRI 

UZTR»ZTr*HTRI 

UxRGixRG*RRG! 

UYRG«TRG*RbOI 

UZRG«2RG*RPGI 
IF(P*SST6T)  GO  TO  10 

COMPUTE  Gain  angle  for  TARGET  TU  PATCH  DIRECTION 

ALRH*B*C0S(UXTR*UXTG*UVTR*UYTGYUZTR*UZTG) 

compute  voltage  GaIn  Gl 

G 1 »GX  I N ( AUPH A » JB f CB » B) 

COMPUTE  Gains  for  Each  SCAN  RE»m  position 


DO  i 0 JaliNuEAMS 

ALPH*»UxS(J)*UXRGY'IYS(J)*UVRr,AUZS(J)*UZHG 

alpha. ACOS(ALPMA) 

G2I J5  «GaIn(  alpha,  JSf  r. SCAN,  ASCAN) 


9INE(J)«G1*G2(J) 

JINttJJ.SIGNd.^INtfjn 

G2(J)pG2(J)**2 


I 

I 

1 

1 

I 

I 

! 


1 
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20  CONTINUE 

c 

c change  gi  tu  pn*ER 
c 

Gl«GI**2 

return 

10  ifctraCk)  gu  rn  so 

If  (,N(jT,fOR*ARD)  GO  TO  iO 

c 

C COMPUTE  VG AIN  AT  RADAR  fOR  DIRECTION  OF  PaTCH 

ALPHA! ACOS(UXRG«UXPO!NTaUY«G*UYpOINT*UZRG*UZPOI NT) 
Gl "GAIN (ALPHA, JD,CO, AD) 

G2( 1 )■! 

SINE ( ! )aGl*U2 ( 1 ) 

SINE(l)iSIGNf i,,SINEfl)) 

G1»G1**2 

return 

30  G 1 ■ 1 

GO  TO  «o 
SO  DO  bU  Jal,U 

ALPHA!Ac08CUXRG*UxS(.nAU¥RG*UVS( J)*UZRG«UZS(J)) 
GtP(J)«GAIN( ALPHA, JD, CD, AD) 

G2P(J)"1. 

SINECJ)aGlP(J)*G2P<J) 

SINEtJ5aSIGN(l ,,SIMEf J)) 

G1P(J)«G1P(J)**2 
60  CONTINUE 

If (FORMaRD)RETURN 
DO  70  Jal , 4 
G2P(J)*G1PCJ) 

GlP(J)»l. 

70  CONTINUE 
RETURN 
END 
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subroutine  bjpostn 


SUBROUTINE  aiPOSTN(UXS,U¥S,UZS«Sl  ID) 
COMMON/pOlNT/U*POlNT,U7pr)INT,UZpOlNT,DSINE(10) 
OIMENjIoN  UX3(10),UYS(10) , uzs ( to) 
ThETAbAtAn(UYPOINT/UXPOINT) 
3IbaTAN(UZPUINT/3QPT<UXPOINT**2»UyPOINT**2)> 
RADaSI ID* J,l« 15926535896/ ISO, 

XlaCOS(8l)*COS( THETA )*C0S(R«0)**2 
X2aC0S(RAD)*SIN(R*0)*SlN( THETA) 

X3«SIN(RAD) *SIN( SI )*COS( THETA) 

¥ 1BCOSI SI )»SIN( THETA) aCOS (RAO) **2 
¥2aC0S(RAD )*S IN ( RAO) *COS( THETA) 
Y3b|IN(RAD)*8IN(S!)*8!N(THETA) 
ZlasiN(Sl)*COS(RAD)**2 
Z2*SIN(RAD)*C0S(SI) 

UXS(l)axttX2«X3 

U¥S( 1 )«Yl"Y2"YS 

UZS(1)bzUZ2 

UXS(2)axi-X2-X3 

U¥S(2)byU¥2-t3 

UZS(2)bzUZ2 

UXS(3)axl-X2ax3 

U¥S(3)ayUY2*y3 

UZS(3)aZl“Z2 

UXS(U)axUX2*X3 

UYS(U)aYl-¥2aY3 

U2S(«)azl-Z2 

RETURN 

END 
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SUBROuT  l ME  SESJ(X,FNU,N,F) 


REGULAR  bessfl  functions  OF  real  ARGUMENT. 


ARGUMENT  DEFINITION 

X IS  THE  ARGUmFNT  OF  THE  BESSEL  FUNCTION. 

fnu  is  THt  fractional  fart  of  th*  oroer. 

N IS  THE  INTEGRAL  part  of  The  HIGHEST  ORDER  to  be 
COMPUTED, 

F IS  THE  OUTPUT  AHRAV  OF  BESSEL  FUNCTIONS, 


REFERENCES 

H.  GOLDSTEIN  AND  R.M.  THALER,  RECURRENCE  TECHNIQUES  FOR  THE 
CALCULATION  of  BESSEL  FUNCTIONS,  NT  AC , 1959, 

M,  GoLDSTFIN  AND  R.  H.  ThAlEr,  BESSEL  FUNCTIONS  FOR  L*NGt 
ARGUMENTS,  MTAC,  1R5B. 

G.N.  WATSON,  A TREATISE  ON  ThE  THEORY  OF  BESSEL  FUNCTIONS, 

Cambridge  university  press,  ir«b. 


dimension  f ( t > ,c (5) 

DATA  Pl2/t, 57079632/ 

F(l)»1.0 
00  100  I • 1 , N 
100  F(I,1)I0 

NN»I ABS(N) 

CXR2./X 

IF (FNU.gT , 1 ,5)GU  TO  1 

IY-l 

GO  TO  2 

1 FnUbFNU-2, 

IY«2 

2 CXNU»CX*FnU 
IF(X.GT.50,)GO  TO  12 
KKaX«20, 

MaMAXO(«X,NNAlO) 

IF ( X , LT  , 1 , ) GO  TO  J 
KK«39,*X**. 333333333 
GO  TO  4 

3 KKa 1 72, 69388/ (3,fe888795«ALOC(X> ) 

4 MaM  I NO ( Hf  KK) /2 
KbMaHaI 

P CXa I ) «l ,E“37 
F(Ka2)«0. 

K«bmi 
TTaFNUTKK 
00  5 I«l*K 
JaKK-T 
TTBTT-1 , 

5 r(J)aCX*TT*F(j4l)-F(Ja2) 


20 

BESJ 


\ 

i 

t 


( 

I 

J 

l 

i 

./ 


B-18 


page 


21 


SUBROUTINE 


IF (X.GT, 10 .)GU  TO  12 
PHlaFNU*2, 

ALFabF<1)*F{3)*PHI 

T1«FNU-1. 

T2«T1-1. 

TT«1. 

00  A I"2*H 
TT-TTtl. 

PhIbPhI*(FNU*TT*TT)*(T1*TT)/(TT*CT2*TT*TT)) 

6 ALFAaPHI*F(2*I*t)*ALFA 

caul  gamm»ci,*fnu,tt,ixxx,  jxxx) 

IFCIXXX.EQ.UGO  TO  5ft 
IF ( JXXX ,E0, 1 5 GO  TO  50 
Al.FA«CX«*FNU*AUFA*TT 
1 1 ■ l 

T 00  6 !■ 1 1 » F 

8 F(I)«F(I)/ALFA 

IF(N.GE.O)GO  TO  11 
8 IFCIY.EB.2J  GO  TO  <19 

F(2)«CXnU*FC1)-F(2) 

IFCNN.LE.1JHETUHN 

TT-FNU 

00  10  Ib2.NN 
TT"TT-t, 

10  F(Itl)«CX*TT*Fm-F(T-l) 

11  IFCIY.Ea.IJBETURN 

<19  NaM 

XaY  1 
FNUaV2 
50  RETURN 

C ASYMPTOTIC  EXPANSION 

12  KM1 
FUMNU 
XXXal ,/X 
XXBXXX*XXX 
TT»1,/SQRT(PI2*X) 

13  AbFu**2-.25 
C (5) a ,25 

C(U)a, 15625**-, 376 

C(3)"{.  1171#7b*A-l, 15625) *Atl ,075 

C (2) ■ CC. 0952 1986375* A-2, 1867 l 875) 2265625) **-19,6075 
C ( 1 ) a ( ( (,  0809J261 719* A-<1,  10 0585937 )***58, 229609 J75)**-27T. 875) *A*5 
*59.375 
PRC(l) 

00  19  Ia2»5 
19  PaP*XX*C  C I ) 

8T«(P*A*XX*1,)*TT 

C(5)a,5 


BESJ 
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15 


16 


17 


16 


19 

20 
22 


C(U)a,0<ll6666fa6*A>,25 

C(5)«(.0l25**-.i5)*A*,75 

C (2) ■( (.0005580 J5716*A-.U2a 107 lu28)**»J. 60267857) •A-5.625 
C(1)»(((.0040JB19«U*A-.«B61 1 1) • 1 0 . 2B6H58S3 1 * *“5B , ) • AA7b , 75 
P«C(1) 

00  15  1*2,5 
P«P*XX»C (I) 

PMlaX«XxXi*Pi»A«(FUA,5)*PI2 
IF (KX ,E0.2) GO  TO  16 
Fl«8T«*C09(pMl ) 

Yl«BT«SlN(PMl) 

FU«FNUM  . 


KK«2 

GO  TO  11 
F2»BT«CqS (Pul ) 

V2pBT«SIN(PMI) 

I F (X , GT , 50 i ) GO  TO  17 

IF(ABS(Fl).LT,A8S(F2l)GQ  TO  20 

ALFA«F ( 1 ) /F  1 

GO  TO  22 

F ( 1 ) ■ F 1 

F .2) «F2 

IF(N)9*U»1« 

IF(N.LE.l)GO  TO  11 
TTpFNU 

DO  19  Ib2,NN 
TT«TT»1 , 

F(U1)«CX»TT«FU)-F(T-1) 

GO  TO  11 
ALFAaF(2)/F2 
F(1)»F1 
F ( 2 ) PF2 

U«J 
GO  TO  7 
END 


1 

l 

r 

s 

i 

\ 
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SUBROUTINE  CONvQl 


SUBROUT JNt  CONVUL  (NBEAMC) 

c 

COMMON  yOUT2(102, i0),R0youT2(i02) ,BYOUT2(l02, 10) 

COMMON  DELnUT(l27,10)»XOUT(l02»l0)«VOUT(l02*10),EXTRA(l0»2)* 

1 OUTCC127),DAHRAV(l27) 

COMMON  rDELUUT (127, 10) »RXOUT(l02* 10) *RY0UT( 102,  10)»REXTrA(1C,2)» 

1 rRhOARY (10) 

COMMON/ TGaInP/G ip («) ,G2P(R) 

CUMmON/TGAIND/G20P(R),G10P(R) 

COMMON/OERV/PABHAY(127),AHYPAH(55,GBETZO(10),GIO,G20(10),NP, 

1 oirdop,dflt» uniform,  bangle, sigzo,rozero,ncc, 

2 FUBPI,Pin2*XTR.YTR,Z7H,HTR,«Ho*RY(10) 

COMMON/ lNPUTS/XTP,YTP,ZTP,XTV,YTV,ZTV,XRP,YRP,ZRP,GRMAX,r*RAPH,NG, 
$ NSAMPLF, VOL T.VPUL.MSLOPE* SLOPE (10,0), 

i NXSQMX.NYSDMX, OGBaLL.DGBALL 1* track, NOUT, 

s PI, REAPTM,XL*M,PAS3TGT, FORWARD, PULSE, SOPUlSE.PWIDTH 

common/ sPO I NTS/  XSP(IOO), YSP(lOO) ,ZSP(100) 
CUMmOn/sInFU/SCUUNT,SDATA1( 1001, SDATA2( 100), SDATAS(IOO) 
COMMON/pROP T /PR I MTt , PHI NT2, PRINTS, PR  I NT  4, PRINTS, I PRINT (20) 

LOGIC' L PRINTi,PRINT2,PHIn73,PRiRT«,PRINT5 

logic  *L  VPOL, pulse, PASSTGT. forward,  sqpulse,  track, graph 

LOGICAL  UNIFORM, VOLT 

COMPLEX  RUZEBU. DElOUT.OUTC, EXTRA, XOUT, VUUT.HMUAHV 
COMPLEX  YOUT2 

integer  scount 


PHOGHAM  to  CONVOLVE  RANGE(TIME)  OtLAV  WITH  T«E 
TRANSMITTED  PULSE  SMAPfc. 

1 DONE  FOR  ANTFNNA  BEAM(NaEAMC) 

result  placed  in  outc  fur  output 


WHITTEN  by  STAN  POWERS  may  1B7« 


IF(PRINT5)PHINT  7777 
7777  FORMAT ( * CONVUL*) 

IPRINT(2)«IPRINT(2)*1 

FIND  NUMBER  of  OUTPUT  POINTS 

NCC«MIN0( 12S,NOUT  + NP.i  ) 

ZERO  OUT  ARRAY 
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00  100  I"1*nCC 
OUTC 1 1 ) «0 .0 
too  CONTINUE 
c 

C 00  CONVOLUTION 

c 

00  200  N"1  ,NCC 
C 

c FIND  lOwEH  ANQ  UPPER  bOuNU 

C 

NL«*M*X0(l#N-NOUT»n 

NU"MlNO<N,NP) 

c 

c 

DO  300  J*NL*NU 
KK«N* J* 1 

OUTC(N)«OuTC(N)»P4RH*Yf J)*OELOUT(KV»NaE*«Cl 

300  CONTINUE 
200  CUNT1MJE 
REtU»N 
EnU 


p»GE  25 
SUBROUTINE  difslop 


SUBROUTINE  oifslop ( JO* CD* AO, UXS, UY S , UZ5, AnTSLOP , XRT  , ZRT) 

dimension  uxs<i),uvsM),uzs<n *deh(r) 

PMlw.tE.10 

ELEV«PHITATAN(ZRT/XHT) 

XOERPCOS(ELEV) 

ZDERwSIn(EIEV) 

yqerwo.o 

iNGLE«K0ER*UXS(  JHYOFR*UYS(J)tEOER*UZS(J) 

ANGlE«AcOSC*N6LE) 

OER (J) "GAIN (ANGLE, JO* CD* *0) 

10  ANTSLUP».5*(0ER(1)t0FH(2)-0ER<3)-0FR(«)  ) 

ANT5LOP«ANTSLOP/PHl 
WRITE (6,20) ANT SLOP 
20  FORMAT  (6*8MANTSlOP«E?0«8) 

return 

EnO 
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SUBROUT  JNfc  DPGAIN(NBFAMS) 

C 

COMmOn/TGaINP/G1P(R)  ,G2P(«) 

C0Mm0N/TGaIN0/G20P(<O,G10P(<I) 

COMmON/BE AMS/S ANGLE (10»2)»UXSC1o)#UYS(10),UZS(10) 
COHMON/oERV/PA»HAYM?7),AHYpAR(5),GBETZO(lO),GlO.Gaof 10),NP, 

1 OIROOP,OELT,UNlFORM,RANGLE,SlGZO,ROzERn,NCC, 

2 FQRPI,PI02,XTR,YTH,ZTR,RTH,RH0ARYC 10) 
CUMmON/1NPUT3/XTP,YTP,ZTP,XTV,YtV,ZTV,XRP,YRP,ZRP,GrmaX.GRAPH,ng, 

• NSAmPLF, VOLT, vPOL.NSLQPE, SLOPE! l 0,1), 

• NXSOHX,  NY5f)MX,0GBAlL,DGBALLl,  TRACK,  NOuT, 

» PI# HEARTH, XL AM, PAfSTGT. FORWARD,  PULSE #8QPUl3E,PWIDTM 

COMMON/PATD/JD,BWD,Cn,AO,SIon,  JS#BWS,CSCAn,A*CAn,SIOSC*N, 

• JB,BWB,CR,AB,3X0* 

COMMON/POINT/UXPOINT.UYPOINT , UZpOXNT  ,0SINE(10) 

e0HM0N/pR0PT/PHINTl,PHlNT2,PHINTJ#PRlNT4,pRINT5, IPRINT(20) 

CUHmON/SPUINT 8/  XSP(1  00),YSP(l00l#ZSPn08) 
CUMmON/SInFU/3CUUNT,B0ATA1(100).3DATA2(100)#SDATAJ( 100) 

LOGICAL  PR INT 1, PRJNT2, PRINT J,pRlNT«, PRINTS 

logical  vpol# pulse, passtgt, forward, SOPULSE, track, graph# output 

logical  uniform, volt, nEkSLOP 

COMPLtX  RCJZtRU,  RHQARY 

integer  scount 

c 

IF(PRINT5)PHINT  7777 
7777  FORMAT (*  DPGAIN*) 

IPRINT(3)RIPRINT(JU1 

c 

UXRTr«XtR/RTR 
UYRTR-YTR/RTR 
UZRTR-ZtR/RTR 
IF (PASSTGT)GOTO  10 
30  CIOrI, 

DO  20  Jal,NBEAMS 

ALPHA«Ux$(J)*UXRT*UYS{J)*UVRTyUZS(J)«UZRT 

ALPHArACOS(ALPHA) 

G20 (J)«GAIN( ALPHA, JS,CSCAN,ASC An) 

DaiNE(J)RSItfN(l ,,C20(J)) 

020(J)RC20(J)«*.' 

20  continue 

RETURN 

ie  if(track)  go  to  «o 

IF(,NQT,FORwARD)GOTO  30 

ALPMArUx»T*UXPOINTaUYRT*UyPOInTaUZRT*UZPOINT 

ALPMArAC08(ALPHA) 

GIOrGAIn (alpha, JD,CD,A0) 

G20(1)R1. 

DSInE(1)rSIGN(],,g10) 


?b 

HPGAIN 
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SUBROUTINE 


G 1 ObG 1 0**2 
RETURN 

«0  DO  50  Jal,«  „ ,r, 

AlPHAbUX«T*lXS( J)*UYRT*UYS( J)*UZ«T*UZSC J) 

AURHAaAcOSt ALPHA) 

GlOP(J)aGAlNfALPHA,JD.CD,AD) 

G20P(J)al, 

OSlNE(J)aSIGN(l.,GlOPf J)) 

GlOP(J)aGlOPf J)**2 
50  CONTINUE 

IF(FORWaRD)HETURN 

DO  60  Jal,« 

G20P ( J) aGl OP ( J ) 

G 1 OP ( J)al  . 

60  CONTINUE 
RETURN 

end  page 


SUBROUTINE 


SUBROUTINE  FlELD(vnLTAGE,GAINS,pOATA,G1  , G2 , NRE  » hS  , p-hOZErO  , GO . 
JFRPHASE,FR,OX,DY, ANG1 , AnG2,RGR,hGT,SInE) 

COMMON/G«aZE/PARPP(2,2,2) 

CONmON/tGA?NP/G1P(U)  ,G2PM) 

CONMON/pGAlN/GT,PT,GR,RADCON 

CUMMON/TGAlNO/G20P(R),GlOPf«) 

COMMON/ INHUT3/XTP.TTP.7TP, XT Y#TtV,ZTY,7RP,V«P,ZRP,GRMaX,GRAPH,NG, 

s nsamPlF,  VOLT,  VPOL.NSLOPE  > SI.QPE  1 10,  R)  , 

s nxSDmX.nVSDMX,DGBaLL,OGBALL1 , track, NOuT, 

I p I, HEARTH, XLAH, PASSTGT, FORWARD, pulse, SQpUl9E,PWIDTH 

CQMMON/DERV/PARRAY(1P7),ARVPAH(5),GBETZO(10),G10,G20C10).NP, 

1 DIRDOP,DELT,UNIFORM,RanlLE,SIgZO,ROZEHO,NcC, 

2 F0RFI,PI02,XTR,YTR,zTR,HTR,HM0ARY(  1 01 
DIMENSION  FIELDMf  1 0 ) ,G2(10)  ,5U'EU0)  . V AH  ( ; 0 ) , S I f 1 0 ) , 92 f 1 0 ) 

0 1 MENS  1 N FIZEROf 10) ,X( 10) , Y flO) , S1PC10) , S2Pf 10) , VOLTAGEf  10) 

DIMEN*  ' PDATA(R) 

logic  uniform, graph, volt, vpol, track, pass tgt, fur w a hd 

logical  PULSE, 9QPULSF  „ . 

complex  rozero.r ho*rv, volt*gf,fr,e2,*vg,expon,fjeldm 

9IFuN(X)aEXP(-CPOATAf<>)*X)**2/2t ) 

E2»0  • 

DO  1 Ja  1 , 1 0 
FIELDMI J)»0, 

VAR(J)»0. 

9t(J)aO. 

92(J)aO. 

PIZERU(J)»0. 

X(J)aO. 

Y(J)aO, 

9tP(J)»0. 

S2P(J)ao, 

1 CONTINUE 
EXPONaO. 

AVGaO. 


COMPUTE  mean  VOLTAGE  FIELD  FOR  PATCH 


IF(GAINS.GT.O.O)  GO  TO  10 
GO  TO  20 

10  CON STl«SQRT (GAINS) 

CONSTiacONSTl/FORPI 

C0N8T2a-PDATA(U)*XLAM*90RT(PT)*c0N3Tl 
CONSTJ«fORPI  '’(2,‘XLAM) 

CON3T««cON9Tl*(RGR*RGT) 

ExP0NbCmPLX(C03(C0NST«),3IN(C0NsTR) ) 

AVGaCONsT2*EXPON*FR 

DO  30  Ja 1 , NBEAMS 

FIEL0M(J)a9INE(J)*9GRT(GlP(J)*G2P(J) )*AVG 

IFC ,NUT,TRACK)FIEL0M( J)bSINE(J)*3URT(GI*G2( J) )*AVG 


DPGAIN 


?B 

FIELD 
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SUBROUTINE  field 


30  CONTINUE 

FINO  VARIANCES  OF  VOLTAGE  fields 

20  CUN1«PT»(PDATA(<4)  .**2)*(PHOZERO**2)*GD 
CQN1»C0n1*0X*DY*(XLAM*«2) 

CON1«COn1/< (FORPI«*3)«(RGR*HGT)**2) 

DO  <40  Jsl/NBEAMS 
VaR(J)«G1P< J)*G2P(J)*C0n1 
IF(.NUT.TRACK)VAR( J)«G1*G2(J)*C0N1 
«0  CONTINUE 

COMPUTE  CURHELATIUN  COEFFICIENT 
IFCGAINj.GT.O.O)  CO  TO  50 

c«o , 

GO  TO  60 

50  V2«-FORpI/(2.*XLAM) 

vz«vz*(cns(  ANcn  tens  fANG?n 

AnG3»FOrPI/(2.*xLaM) 

ANG3»2.*CANG3*RGR+FRPhASF) 

XNUMl«SlFUN(VZ)**2-STFUNf2.*VZ) 

XnUm1«XnUm1*SIN(AnG31 
XDEN1«(1.-SIFUN(VZ) **2)0*2 

XDENl«X0ENl"((SIFjN(vz)**2-SIFUN(2.*VZ))*cnsf ang3))**2 
X0Eni»8qRT(X0EN1  ) 

C«XNUH1/XDEN1 

COMPUTE  SI  ANU  S? 

so  ifigains.gt.o.)  go  to  to 

XK»1  , 

GO  TO  80 

70  XNUm2«1 .-SIFUn(VZ)**? 

XNUM2»XNUM2*(SIFUN(vn**2-SIFuN(2,»vZ))*COS(ANG3) 
X0En2»1 .-SIFUN(VZ)**? 

XOFN2«XDEN2-(SIFUNf V7)**?-SIFuN(2,*VZ))*CQS(ANG3) 

XK»XNUM2/X0EN2 

XMSQHT(XK) 

80  00  90  J*l,NbEAMS 

SI (J)sVaR(J)/(XK**2*1  .) 

S2( J)»(XK**2)*S1 (J) 

90  CONTINUE 

COMPUTF  RuTATION  A n G 1. 1 FOR  INDEPENDENCE 

00  100  J» 1 # NBEAMS 

IFISl  (J).tO,S2(J))  Gn  TO  HQ 
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SUBROUTINE  HELD 


FIZER0(J)=2.*C*SQRT(S1(JT*S2(J51 

FIZEPUf J)=,i«ATAN(FI7E»0(J)/fSXf J)-S2(J)» 1 

GO  TO  100 

110  IF(C.LT.0.)FIZEHO(J)»-Pl/«. 
!F(C.GT.0.1F!ZFHO(J)*PI/U. 
IF(C.E°.0,)FIZFHn(J)aO.O 
100  CONTINUE 

COMPUTE  COMPONENTS  OF  h£an  FIELDS 

DO  120  J*  1 * NBEAMS 
Xf  I)«HEaHFIElDMCJ)  ) 

Y(Jj*A!M*G(FIELO“(Jn 
120  CONTINUE 


C 

C 

C 


c 

c 

c 


COMPUTE  ROTATED  standard  ofviations 

DO  no  J«1»NBEAMS 

siP(j)«si(J)*(co8(Fn£«o(jn**?) 

SlP(J)*SlPfJI*S2(J)*(SlN(FIZFRO(J)T**2T 

SlP(J)«SQRT(SlP(Jn 

S2P(J)«S2(J)*(COS(FI7£RO(jn»*2) 

S2P(J)«S2P(J)+S1(J)«(SIn(FIZEHO(J))**2) 

S2P(J)«SQ«T(S2P(Jn 

CUNTINUE 


rnMoiiTF  random 


CALL  G A y S S ( 1 » # 0 • 0 9 V ) 

DO  150  J«1,NB£AMS 

SSI«X(J)*COS(FIZEHO(.nUY(J)*SlN(FIZFHn(J)T 


SS1«SSUV*S1P(J) 

ATA«Y(J)*COSfFIZEHO(.T)  I -X ( J ) * SlN C F I ZERO C J)  5 


AT*«ATAtV*S2P( J)  „ 

XPR«SiI*C09(FlZERO( J )) -AT A *S I N ( F I ZERO( J)) 
YPR*3Sl*3IN(FIZERO(J) )+ATA»COS(FlZEHn(jn 


E2»CMPLX(XPR.YPR1 
VOLTAGE ( J ) s£2 
150  CONTINUE 
RETURN 
END 


! 
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SUBROUTINE  FInDPAR 


c 


SUBROuT INt  FInDPAR<YF,XF,NR,NC,PAH,PARP) 


common  YOUT2M02, 10)  ,RDyOUT2<  102)  ,RYOUT2(  102, 10) 

COMMON  0ELOUT(127, 10)# *OUT(l 02.10), YOUT( 102,10) * EXTRA (lo« 2)# 

1 OUTCC127) ,0AHRAY(127) 

common  RDELUUTT 127, 1 0 ) , RXOUT d 02, 10) , RYQUT ( 1 02, 1 0 ) , RFXTflA (1 0, 2)  , 

1 rRHOARY (10) 

CQMMON/CRAZE/PARPP{2,2#2) 

CQMM0N/TGAINP/G1P(«.'  ,G2Pd) 
coMMON/r5AtNO/r;20Pd),ciopf«) 

COMMON /BlAMS/SANGuE  (tO»2),UXS(107*U7S(10),U2SdO) 

COMMON/oE«V/PAR«AY(l?7).AHYPAR(S),GBEnO(lO),GIO.G20(lO),NP, 

1 0 IROOP, 0*17, UN IFORM.R ANGLE *51  GEO, HOZERO.NCC, 

2 FC)flPI,PIO2»XTR,Y»R*27R.R7H,RMOARV(10) 

COMMON/ 1 NPUTS/XTP, YTP,ITP,*TV, YTV,7TV,XRP,  YHP,2RP,GRMaX,GRAPH,N6, 
I NJAmPLF, VOLT, VPOL, MSLOPE, 510*6  d 0 , •) , 

| NXSOMX.NYSOMX.OGBaLL, ogballi, TRACK, nOuT, 

PI,RfAPTM,XLAM,PA$STGT,F0RMA"a,PULSE,50PllLSt,PMIGTM 

COMMON/P ATO/ JO, B*0,C0, AO, 5 1 on, Js, BPS, CSC an,  ASCAn, 3lOSC*N, 


s JB,BMb.CB,AB,StOB 

LUMMON/PGaIN/G7,PT,GR,RAOCOn 

COMmON/pRQPT/PRINT1,pR1nT2,PRINT3,PKINT«, PRINTS, I PRINT (20) 
CQMMOn/RCOEF/FRES{2,2) 

CUMMON/RTYPt/SPtC, DIFFUSE 

CQMMON/SPQINTS/  XSPd00),YSP(100),E8P(100) 
C0MMON/SlNFO/SC0UNT,SOATAl(100),90ATA2(100),9OATA3(100) 


CQMmON/B*NGE/RGR,rGT 

CUMmON/mULSPEC/SPCHECK 


c 


c 


7777 


DIMENSION  PAR(2,2,6) ,PARP(2,2,9) 

LOGICAL  VPOL, PULSE, PAS5TGT, FORWARD, SOPULSE, 
LOGICAL  Uniform, VOLT 
LOGICAL  SPEC , OIFFuSE 

LOGICAL  PRINT  1,  PR  INT?,  PRINTS,  PR  iN'Ttt,  PHI  NTS 
COMPLEX  R0ZERQ,LEL0UT,0UTC, EXTRA, xout, tout, 
COMPLEX  YOUT2 
COMPLEX  FrES 
INTEGER  SCOUNT 


TRACK, GRAPH 


RHOARY 


F(A,B,C)»EXP(-(U,*PI*A*SIN(B)/C)**?} 
T? (PRINTS)PHINT  7777 
FQRMAT(*  FINOPAR*) 
IPRINTU)»IPRINTC«)d 


C 

C SMOOTH  EARTH  PATCH  CORNER  (HECElVER  COORDS.) 

C 

AnGX»XF/REARTh 

ANGy«YF/REARTH 

ANGxY»5qRT(XF«*2+yF**2)/REARTM 
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SUBROUTINE  F]nDPAR 


X*REArTh*SIn(ANGX) 

v*REARTh«SIN(ANGY) 

Z«Rt*RTH*cn3(*WG*y, 

GRRbXF 

SURFACE  SLOPE  OETERM T N a T I UN 

IFC.noT.  TRACK)  GO  TO  2« 

RANGLEP«'’RANGlE 

CALL  RCuOHD(RangLEP,X,Y,Z,xrfF# YRtF, ZREF) 
ANGLE«*SlN(XREF/RE*RTH) 

GRR«RE*rTm*(anGlE) 

2«  OU  20  lal.NSLJPE 

RDlFFrSLOPE(I,n-GRH 
IFCROIFF  ,GE.  0.)  GO  TO  10 
20  CONTINUE 
STOP  1 0 5 

10  XPSlOPEbSlOPE(I,S) 

vpSLnpE«Si.opr(i,u) 

MILLHT«SLuPE(I,9) 

IF(. NUT. TRACK)  GO  To  11 

CALL  RCOORD(RANGLE,SLUPECI,3),SLOPE(I,a),3LOPECI,9),XPSLOPE, 

S YPSLOPE.MILLHT) 

MEAN  ROUGH  EA^Tm  PATCH  CORNER  (RECItVE»  COORDS.) 

11  RR»5QRT(X**2*y»*2*Z«*2) 

Uxax/RP. 

UY»Y/PP 

UZ»Z/RR 

»a(RFARTHtHlLLHT)»JX 

Y»(REARTHtHILLHT)«UY 

7«(REARTHyHILLHT)*UZ 

vector  fRoh  patch  corner  to  target 

XGTbXTP-X 

YGTa-y 

ZGT«ZTP-Z 

RGT»SaRT(XGT**2tYGT«*2*ZGT«*2) 

•GTIbI.O/RGT 

vector  froh  patch  corner  to  receiver 

XCRaKRP-X 

ygr»-y 

ZGRbZRP.Z 

RG^aSQRT(XGR*«2»YGR**2tZGR«*2) 
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SUBROUTINE  FINDPAr 


RGRI«i,0/RGR 

find  equ*tiun  of  the  bisecting  vector 

XBI«XGT*RGTIaXGR*RGRI 

VBI«YGT*RGTI+yGR*RGRI 

ZBI>ZGT*RGTIfZGR*RGRT 

RBI«3QRT(XBI**2+YBI**2aZRI**2) 

find  unit  vectors 

UXGT»XGT*RGTI 

UyGT«YGt*RGTI 

UZGT«ZGT*RGTI 

uxgr«xgr*rghi 

UYGR«YGr*RGRI 

UZGRaZGRARGRI 

find  beta 

PHOJI«SqRT(X**2>Z**21 

PROJ2«SQRT(Y**2tZ**21 

ANGxP«AcOS(Z/PROJn 

ANGYP«AC0S(Z/PR0J2) 

GAHl«*NGXP-ATAN(XPSLnPE) 

GAM2«ANCYP-AT*N( YPSLnPE) 

local  normal 

XLN«SIN(GAMn 

YLNaC0S(GAHn*TAN(GAM2) 

ZLN«COS(GAMl) 

unit  VECTOR 

RLN»3QRT(XLN**2aY(.N**2fzi  naa?) 

RLNJ«1,/RLN 

UXLN»xLN*RLNt 

UYLn«YLn*HLNI 

UZLN»ZLn*RLNI 

CBETA«(xBI*UXLNtYBI*HYLNFZBI*UZLN)/HBI 

BETAIACOS(CBETA) 

REFuFCTiOn  angles 

TMET1»AcOS(UXGT*UxLNaUYGT*UYLNfuZGT*UZLN5 

TmET2»AcOS(UXGR*UxLNfUYGR*UYLNFUZGR»UZLN) 
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PAGt 


SllRW'uT  iNt 


ACHaNGFsTmE  12 
Iff  .MIT.FuBKirtriKoTU  25 
ThETPsThET  1 
ThETlaACHANGE 
25  GammsPiD2-Twet; 

GAMA?*pIt>2”TwET2 

C 

C CALLUL*Tr  ^JHuHnFsS  paCtor 

c 

Al*SLGpEU,a)»SIN(GA«An/XLA* 

*2*SLUpEn*a)*5I’^cr,AMA2)/xLA‘' 

I F ( A 1 , LE  > »2«nR,A2,l.E , ,?)GQT(J  1 2 
FuDGFal  . 

GUTU  13 

12  FuDGE»SqBT(  (1  ,-F  f5l.OPtfI,al,GA*<Al,KLAMn*(l.-F  J5LUpEf  I.#)#GAMa?, 

IXL*M)  ) 5 

13  IFCGAMAJ  ,LT,  0.6  .00.  6 A M A 2 .IT.  0.0)  FUDGErO.O 

C 

C FSTaRlIS*  pAR  f P A T C h CflHMEP  OaTa) 

C 

pA«(NH,NC,5)*bFTA 
pAR(NH,NC,l)aFUDGE 
pAR(NR,NC,fc)aFUOGE*GAlNB(HFTA,  I) 

lFfSpEC.AND,,NOT.QlFFuSE)pARfNR,NC,6)aO. 

DELAY  aRGTAHGH-RTR 
pAR(MH,NC,?)sOEL*1 
OUpa-(XTV*OxGrAYTv*UVGTAZTV»IIZGr) 

PAR(NR,nC,  1 ) aQ  I ROOPaP>Up 
C 

CALL  FRE3NFLC  I.GAmaj  ,hwu7ERl),0) 

PAR(NH,NC,a)=0.0 
F«FS(NR,NC)aRuZEBO 
pARP(NR,NC, 1 ) aX 
PARP(NR,NC.2)aY 
P ARP ( nR , NC  » 3 ) a? 

PARPtNR,NC,«)sD 
pARPtNR,NC,5)sUXLN 
PARP(NR,NC,6)aUYLN 
PARPtNR.NC,  naUZLN 
PARPtNR,NC,B)aSL0PE(T,7) 

PARPfNR,NC,9)a9L0PE(T.B) 

PARPP(NR,nC,  DrTHEYl 
PARPP(NR,Nr,2)atHET2 
RETURN 
END 
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SUBROUTINE  FTNDPWR 


c 


c 


I 

! 

I 


subroutine  finpprr(pahp, par, ox, dy, broker, spomer,volt*ge,nbeams) 

COMMON  yOUT2(l02, 10) ,RDynuT2(l02),RYOUT2(i02, 10) 

COMMON  OELOUT ( 127, 10>#XOUT( 102. lO),VOuT(102»10),rxT»A{  lo*2)# 

1 OUTC(127),D*RRAY(127) 

COMMON  rDELOUT ( 127, 10) , KXOUT (1 02 . 1 0 ) , RVGUT ( 1 02 » 1 0) , FExTrA ( 1 0 ,2 ) , 

1 RRMOARy(lO) 

COMMON/GRFZt/rARPP(2,2.2) 

COMMON/TGAlND/G20Pf  <n  ,G10P(«) 

COMMON/TGAlNP/GlP(«),fc2Pf«) 

COMmON/BEaMS/SANGlF(10,2),IIXS(10).UVS(10),UZS(10) 

COMMON/DERV/PARR*y(lP7),ARVPARl5),GBETZO(lO),&10.G20(10).NP, 

1 DI ROOP.UFlT, UNIFORM, R ANGLE, SlGZO,HOZERO,NCC, 

2 FoBRI,PIN2,xTH,YTR,zTR,MTR,RM(jAHV(10) 

COMMON/ INPUT S/X TP, V T p, Z TP, XTV, Vt V, ZT V, XRP, VHP, ZRP.GRMaW, GRAPH, ng, 

s NSAMPtP, VOLT, yPOL, "SLOPE, SLOPE (10, R)» 

S k nVSOMX, OGBaLL, 0GB4LL1, TRACK, NOuT, 

S PI,Rf ARTM,*t AM, PAjSTGT.FORmaRO, PULSE, SOPl  tBt.PMIDTH 

COMMON/PATO/JO,BWO,CM,AD,STOO,JS,BMS,CSCAM,ASCAN,SlOSCiN, 

S JB,6WB.CR,*B.SI0B 

COMMON/PGAlN/GT,PT,GR,RAf)CON 

COMmON/pROPT/PRINt1,PhInT2,PRINtJ,p«InT«, pRjNTS, tPBlNTC2«) 
C0MM0N/RC0EF/FRE3(?,P) 

COMmON/rOOO/ROD 

COMMON/RTyPE/SPEC, DIFFUSE 

COMMON/P ATCM/XGH.yGR.ZGR.XGT, ygt,zgt 

COMMON/sPOINTS/  XSP( 100)  ,YSP(100) ,ZSP(100) 

COMMON/sInFO/SCOUNT,kO*TA  1(100) ,SQATA2(10o) , SO a TAJ (100) 

COMMON/MULSPEC/SPCHErK 


RE*L  IPART 

LOGICAL  PR  INTI, PRINT ?, PR T NT3, PR; NTU, PRINTS 

LOGICAL  SPEC, DIFFUSE 

DIMENSION  PAP(?,?,6) ,PARP(2,2,9) 

DIMENSION  PDATA(B)  ,G?O0),SIN£(l0) 

DIMENSION  DPOwER(iO) .SPOWER(IO) 

DIMENSION  volt  age ( 1 0 1 

LOGICAL  VPOl, PULSE, PASSTGT, form aRU.SOPUlSE, track, graph 
LOGICAL  UNIFORM, VOLT 
COMPLEX  DOElR 

COMPLEX  ROZfcRO,OELOUT,OUTC.EXTRA,xnUT,VUUT,RMO*RV 

COMPLEX  voltage, C0ElR,CPHI 

COMPLEX  YOUT2 

COMPLEX  FHES,FR 

INTEGER  SCOUNT 

namelist/infoi/htr,rrr,rgt,gs,gd,rod 

NaMelI9T/INF02/0ELRMTN,DFLRMAX 

NaMELIST/INFDJ/PHaSE 

NAMELIST/INFOR/DPORER.SpnnER, VOLTAGE 


! 

I 
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Su^wriuTIk'E  FTnOPwr 


C 

IFCPR1NTS)PR!nT  7777 
7777  FORMAT!*  FINDPRn*) 

IPRINT(5)*IPRInt(5)*i 

C 

C ZERO  OUT  PATCH  DATA  ARRay 

C 

ou  in  Jxi,9 
10  PDATA(J)«0.0 
C 

C FIND  average  PATCH  oat* 

C 

DO  20  J«l,9 
DO  30  Ksl,? 

DO  30  L.l/2 

30  PD»TA(J)*PDATaCJ)*PARP(k,L» J) 

<10  P0ATA(J)«PDaTA(J)*,2S 

FIND  aV£RGF  PATCH  GaTN  AND  AVG.  FkFSNEL  R£Fl,  COEFF, 

AnG1>0 . 

AnG2bO, 

FR«0. 

GD-0.0 
DO  <40  J»l,2 
DO  <40  K«l,2 
FH«FR»FrESCJ,K) 

UO  GQ«GD+PaR(J,K,6) 

FR»FR*.2S 
GD»GD* , 25 
DO  <41  J«1  > 2 
DO  <41  K.1,2 

ANG1»ANCUPARPP(J,K#1  ) 

<41  ANG2«ANG2»PARPP(J,K,?) 

ANGlBANGlA.d1; 

ANG2»Ang2* , 25 
IPART.A jMAG (Fr) 

RPARTxReALCFR) 

PM0ZER0.3QRI f RP ART**?* I PART** 2) 

CPHI.fR/PhOZFRO 

frphase.acoscrpart) 

IF t IPART.LT.0,0)FRPhASF.2,*PI-FRPhASF 
C 

C find  approximate  patch  area 
C 

PAREA.A0S (DX*DY) 

C 

C FIND  VECTOR  FROM  PATCH  TO  RECEIVER 
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SUBROUTINE  FTNDPRR 


XGRs-PDaTA ( 1 ) 

YGR«-PDaTa(2) 

ZGR«7RP-PDATA (T) 

FIND  VECTOR  FRuH  PaTCM  TO  TRANSMITTER  (TARGET  INCASE  OF  P ASSTGT ) 

XGTsXTP-PDATA( t ) 

TGTsPOA  T A ( 2 ) 

ZGTiZTP-PDATAOT 

FIND  VECTOR  lengths 

RGRS*XGr**2aYGR**2aZGR**2 

RGTS«XGT**2aYGT<u>2aZGT**2 

RGRxSQRT(RGRS) 

RGT«SQRT(HGTS) 

COMPUTE  DIFFUSF  REFLFCflHN  COEFFICIENT  FOR  PATCH 
ASSUMING  OMNIDIRECTIONAL  ANTENNA 

R0D*(1  ./F0RPlT*(RTR/fRGR*RGTn**2 

ROD«RUD*GU*PAHEA 
FIND  ANTENNA  GAINS 

CALL  aNtGaIN(P0aTa.G1  ,G2,H8tAHS,SlN£) 

IF(TRACk)GO  TO  100 

FIND  DIFFUSE  patch  PnwERS 


DU  50  J*l,NdFAMS 

DPDnERf J)*RADCOn*g1 *G2( JT*GD*PAREA*(PHnZFRn»PDATA(«n**2 
DP0wER( J)sOPn*EHf J) /(HGTS*RURS) 

find  specular  gain  for  patch 

51  call  sgaIn(parp, pdata, gains, sdElR) 

c compute  specular  patch  pn*£R 
c 

71  DO  70  JslfNUEAMS 

70  SPOHER(J)«PADCON*Gl*r,2(J)*GAlNS»<PMU7ERO»PDATA(B)*PDATA(0) )**2 
100  IF(TRACk)CALL  SGAIN(PaRP,POATa, gains, sdelrt 

CALL  F IELD(VOLTaGE, GAINS, PDATAjGI ,G2,NBEAMS,PHnzERn,GD 
*FRPMASE,FR,DX,DY,  ANG1 , ANG2,RGR,Rr,r,SlNE) 

IF  ( PRINT?)  PH  I NT  Q4.  ( OPOhFR  ( J ) , Jr.  1 , NB  F A MS  ) 

IF  (PRINT2)  PRINT  R5 , ( SPOhER  ( J ) ,«!■!» NbF  AMS ) 


PRINT2 

PRTNTj 
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SUBROUTINE  FTnGP'R 


IF (P«1NT2)PR1nT  9b,  ( VULTAGF  (J)  » J21  « RBE*MS) 

90  FuPHATf.  rTR.mGR.rGT  ,l,S,r.0,BnD,DEL»«lN.0FLOMAX*  «L12.«) 
9J  pH»St*  Fl?.U) 

99  FURmAT(//»  i>PJwEB*/(SE12.u)  ) 

95  FU°MAT(//*  bPJwt°*/(5tl2,«1 ) 

96  FORMAT!//*  VClLTAGt*/ f 1 0E  1 2. 9 ) ) 

SETUPS 

EnO 


p R T n T 2 
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subroutine  fresnel 


subroutine  FRESNEL n ,g*mai, phozepo, D) 

c 

COMMON  yOuT2(  102, 10)  ,R0r0uT2f 102) ,BYOUT2(i02, 1 0 ) 

COMMON  qFlOUT  (127, 10)#XO'IT(lfl2,lO), YOuT( 102, 10),ExTRA(l0»2)» 

1 OUTC(127),D»HRaV(127) 

COMMON  rDeLOUT(1?7, 10) .RXOUTf 102, 10)»RyUUT(102»10),RFxTrA(10»2)» 

1 rRmOARy(IO) 

CuMmOn/HEamS/SAnGlF(  1 0, 2)  , Ox S ( 1 0 ) , UYS ( 1 0 ) , 112 s ( 1 o ) 

COMMON/ tGa  1NP/G 1 p (U ) ,G2P(  <4 ) 
cummon/tga1no/G20p(«) , g i nr  c o 3 

CUMMON/DFMV/PARRAY(  1?7) , ARYPAH :s) (GdEIZOClO) ,G1 0,G2o 1 10) ,NP, 

1 01RDOP,DFLT,UNIFORM,RaNULE,SIgZO,R02FRO,ncC, 

2 FOPP1,PI02,XTR, YTR,ZTH,HTR,HM0*RT( 10) 

CO“mOn/iNC/DX,DY 

COMmOn/INPOIS/XTP,  YTP,  7TP,  XTV,  Vt*/,  z (V,XRP,YRP,ZrP,GRMaX,  GRAPH,  N(i, 
A NSAMPLF,  VOLT,  VPOU,NSUO»>E,  SLOPE  (10,0), 

A NXSDMX,NYSDMX, ncB ALL, OGB ALU  , TRACK, NOuT, 

A P I,  HF ART*, XL AM, PAsSTGT, FORWARD, PULSE, SOPUlSE.PR  HUM 

COMMON/PA  TO/ JO, BWO.CO, AO, S10O,  «'S, BRS,C SCAN, A SCAN, S lOSCA N, 

A JB,Bwd,CB,*B,Sl0B 

COMMON/PGA  I N/GT, PT,GR, RAOCOn 

COMMON/PROPT/PRINTI  ,PR1NT2,PRINt3,PRInT«,PRInT5, IPRINJ (20 
COMMOn/S I npo/SCUUnT, sd»TA1 ( 100),S0*TA2(100),SDATAJ(100) 
COMMON/3POINT3/  X$P( 1 00) ,YSP( l Oo) , ZSP( 100) 

COMMON/ RAnGE/RRR,RGT 

c 

REAL  IPaRT 

LOGICAL  PRINT  1 .PRINT?, PRlNTi.pR  INTO,  PRINTS 

logical  VPOL,PULSE,PASSTGT,FnRRA»L,bOPULSE, track, graph 

LOGICAL  UNIFORM, VOLT 

COMPLEX  ROZERO,OFLOuT,OuTC,EXTRA,xnuT, YOUT.RHOARY 
COMPLEX  YOUT? 

COMPLEX  EP,A,B,C 

integer  scount 

c 

IF(PRINtS)PRInT  7777 
7777  FORmAT(«  FRESNEL*) 

IPRlNTl6)=IPPINT(6)t1 

c 

EPRsSlOpE (1,5) 

EPIs-bO.O»XLAM*SLOPE (1 ,6) 

FP=CMPLX(EPR,EP1) 

A * l * 

IF(VPOL)  A=EP 

BtA*SIN(GAMAl)-CSUPTfEP-C0S(C,A“Al)**2) 

C«A»SlN(GAMAl)+CSQ?TfEP-C0S(GAM*i)*«2) 

ROZERU  sB/C 
C 

C CUUPUTE  DI/tRGENCE  FACTOR 
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SUBROUTINE  FRESnEL 


C 

3h  CsSIM(G*M*t) 

0 1 » 1 ,*2. «kGR«RGT/ (R£ARTm*(BGP*BGT)*C1 
D 1 ■ 1 ,/SqRT (01 ) 

02*1,t2.«HGH«RGT/(R£aRTh»(BGB*BgT)  ) 

02*1  ,/SqBT (02) 

0*0 1 *D2 

IPAHT*AiM*G(RuZEBO) 

BP'HT*BEAL(Rn2EHO) 

PM.  •HO»SURr(lPAOT»»?+BP»BT»«21 
BE’.  RN 

End 

FUNCTION  GA1N(A,K,R,C ) 

CUmMON/TGaINP/G1P(U)  , G?P ( 4 ) 

CUMMON/TGAlNO/G20P(i4l  ,GinP(iO 

COMMON/PBUPI/PBINTI ,PHlNT2,pBlNT3,PHlNT<l,pBINT5,!PBlNTf 20) 

LOGICAL  PRInT), print?, PRTNT3,PBlNTa,PRlNT5 
DIMENSION  E(tOO) 

OU  10  J«t,ton 
E(J)*0.0 
10  CONTINUE 
C 

IF(PBINt5)PRInT  7777 
7777  fobmat(*  GAIN*) 

IPRlNT (7)*IPRINT(7)*i 

c 


N»K*  1 

B£TA*lBo,/1.141592653589B*A 

si*c«beta 

CALL  HESJ(SI,0.,N,F) 

GaIN*B*F(N)/(SI«*NI 

BETUBN 

END 

FUNCTION  UAINBIBETA,  T) 

COMMON  yOUT2(  102#  10)  ,RDYDUT2(  102}  ,BmUT2(  102,10) 

COMMON  DELfJuT(127, 101*  *OU  T < 1 02 , 1 0),  YOUTH  02#  to),  EXTRA  c 10,2), 

1 OUTC(127),OARRAY(127) 

COMMON  RDELOUTU27, in) ,R*OUTf 102, 10) ,KYOUT(102, 10) , RExTrA ( t 0,2) , 
l RBMOABY(IO) 

COMMON/TGAlNO/G20P(«),GlOP(«) 

COMMON/TGAlNP/GtP(«) ,G2P(«) 

COMmON/DEHV/PABRAy(1?7),ARYPAR(5),GBETZ0(10),G10,G20(10) ,np, 

1 DIROOP,OELT,I)NIFORM,RANGLE,SIGZO,R02ERO,NCC, 

2 FOBPI,PID2,XTH, YTR,ZTH,RTR,RMqARY(10) 

CQMmOn/inc/UX,OY 

common/ INPUTS//TP, YTP,ZTP,XTV, YtV,ZTV,XRP, YRP,ZRP,GRM*x, graph,  ng, 
t ns ample, volt, yPOL.NSLOPE, SLOPE  Cl  0,0) , 
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SUBROUTINE 


i ^*SDMX,NVsoM*,ncBALL,0GHALLt,TOACK,NnuT, 

» PI , RFARTM, XLAM,PAsSTGT,FORwaRD,pulSE,  SQPULSt .P^IOTR 

COM«ON/PATO/JL,t)wo,Cn, AD.SlOD, JS#bWS,CSCAN,ASC*N,SlOSC*N* 

S JB,bWB,C«, *B,SlOB 

common /pg a l n/g t,  p t, gr, Raocon 

COPPHN/pRaPT/pPlNTt ,pr1nT2,PRINt3,PH1nT4,pRInT5,IPRINT(20) 
CJ^MON/sInFU/SCOUnT, SO* T*  1 C lflo) , SOATA2n«Ol » SDATAiC 100) 
cummom/sPuints/  xs*,noo),rspnoo)#7SPnoo) 
c 

LUGIC/.L  PHlNTl.PPIAiT?,  PRINT  J,pPl4TU,P«lNT5 

LOGICAL  VPOL, PULSE, P ASS TGT,FnRWAPU,SOPULSE« TRACK,  GRAPH 

LUGICAL  UNIFORM, VOLT 

COMPLEX  RUZERO,  OEi.nuT,nuTC,  EXTRA,  XOI.it,  vuut.rmoary 
COMPLEX  YUUf2 
iNTEGtR  SCOUNT 
C 

IF (PRINtS)PRInT  7777 
7777  FORMAT!*  GAInb*) 

!PRINT(8)*IPRIMT(8)*1 

c 

IFt.NUT,  UNIFORmI  GO  TO  10 
GAInB=GbETZO(IJ 

IF (BETA  .GT.  SLOPE  C 1 , 2 ) ) GAINB»0.0 
RETURN 

10  GAlNB»GBETZOf I)*ExP(-T*NCBFIA)«.2/(TAN(SLOPE(I,2) )•»?) ) 

I F ( BE  T A , GT . J,*SLnpp(I,?))  GaInBsO.O 

RETURN 

Eno 


Fresnel 
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SUHROuTlNt  GAMMA (X, GAMMA  X, IRTNl,  IRTNU) 

C — — — — — — 

C CALCULATION  OF  TME  l»AMM*  FUNCTION  OF  X. 

C ——  — — — — — — — 

DIMENSION  A(fl) 

DATA  CAm»l3l,8)/-.57719U52,.'?eB205R9i,-,P9T0569l7,,9lB?06857.- 
*.75670“078,  .9821 99l9U,-.  1 9152  7818,  .0  35B&81/.3/ 

DATA  Cv/.aJU2B««8?/ 

IRTMsO 

IHTnurO 

IFCABSCxJ.LT.II.)  GO  TO  1 


c>, 

c 

c 

ThE  MAGNITUDE  OF  X 19  GRFATER  ThAN  13, 

the  phiggsian  lugarithm  of  the  g*mma  function  OF 

X IS  CALCULATED. 

C-- 

GAMM AX* (X» *C  V»  aLOG ( ABS( X) ) »C v*Xa , 39908995*C V* AlOGT 1 , ♦ 1 . / ( 1 2 , ** ) 
*♦1 ,/(288,«X*X)-l39,/(bl8U0,*X«X.X)) 

GU  TO  7110 

C-- 

c 

initialization  of  factor  (factorial  x>  and  xfact 

(*-13. 

c •• 

1 

faCTOkri, 
xfact*x-i , 

IF(xFACT.LT.O.)  go  TM  1 

c 

POSITIVE  X 

c -• 

2 

IFCXFACT.LT. 1.)  GO  TM  5 
FaCT0R«FACT0R*XFACT 

XFACTrXF  act-1  . 

GU  TO  2 

c 

negative  X 

c-- 

3 

XFACT»XF*CTtl, 

FaCTOR«FACTUR«XFACT 

IF(xFACDl,7,a 

a 

FACTORRl. /factor 

c 

CALCULATION  of  the  gamma  FUNCTION  of  X 

c 

this  is  equal  tu  the  gamma  function  of  xfact*i. 

c •• 

5 

GAMMAXRO.  , 
LtRCiABsa-centij/i 
DO  6 l2r 1 , L 1 
Ir8t(L2-D*C-1) 

6 

GAMmAXR(GAMMAX+A( n )* xfact 
GAMMAXR( ! , ♦GAHMAX)«FACTOB 
RETURN 

Pa3E 

SUBROUTINE 


c"""  ERROR  RETURN  FOR  X NFGATIVE  INTEGER, 



7 GO  TO  7JU 
7110  IRTnSrI 
return 

Till  IHTNURI 

return 

END 


“2 

GAMmA 


u.l 

gamma 
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SURRnUTIRE  GAUSS 


SuBHOuTjNt  uAuSS ( S * A“, V) 

AsO , 0 

DU  50  1*1  * 1*2 
YeRARF  CO) 

50  A*A  + Y 

V*(A-6. ) *S*AM 

return  page  <15 

ErD 

SUBROUTINE  PATTERN 


3U8HOUTIRE  P*TTERR(N,THETA,CP,iP.SI0,4) 

0 1 Mt  RS I ON  F 1 1 00 ) 

CUMmON/TRP/JCALL 

COHMOn/PROPT/PRIRTI  ,PRlNT2,PRIRT3*PH!NT4<pRlRi5, IPRIRT f 2 0 ) 
LOGICAL  PH  I NT  1 ,PRIRT?,PR!RT3,pRlRTU,PRlNT5 
C 

IF (PRINT5)PHInT  7777 
7777  FORMAT ( * PATTERN*) 

IPRIRTCR)*IPRIRT(R)+1 

C 

C INITIALIZATION 

C 

KaO 

31  InCs , o 1 
KK*  1 

31*.  IE-08 
C*2 , * * ( N* 1 ) 

X*n*2 

CALL  GAhMa CX.GAMMax, THET1 , IHETZ) 

CeC*GA*mAx 

MsNtl 

C 

C CALCULATE  value  of  ST  fob  which  BESSEL  FUNCTION  EQUALS  A 

C 

40  CALL  BEsJ(SI.O.,h,F) 

IF (JCALL.EQ. 1)C ALL  bFSJ(3I*AP, 0.  ,m,F) 

IFCJCALL.tO.nCsCP 

Y*C*F(M)/(3I**M) 

IFtY  .Gt.  A)  GO  TO  10 
IFfK  .Eg.  1)  GO  TO  20 

KK*l 

SI2*SI 

SIU3I-SIINC 

K*1 

70  3 1 *S 1 1 
(0  DIFF*  AflS(Y-A) 

IF ( 0 1 FF  ,LT.  .001)  Gn  TO  30 
3IlNCt(SI2-SIl)*,5 
50  SI=SItSllNC 

IFtKK  ,gT.  1000)  STUP500 
K K*KK ♦ 1 
GO  TO  4fl 

10  IF (K  .Eg,  0)  GO  TO  50 
SIlsSI 
GO  TO  t>0 
20  SI 2*SI 
GU  TO  7 o 
SO  S I OeS 1 2 

IFCJCALL.EO, 1)RETuRn 


subroutine  pattern 


CP*C*(ThETA/(2.*SI0)1**m 

AP=2.*SI0/ThETA 

return 

EnO 
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SUBRUUTlNF  PENN 


10 


20 


10 


uo 


50 


60 

500 

100 

200 

210 

250 


SUBROUTINE  PF»<N(X,Y,N,K,J) 

OIMENSlU^  XC1)/Y(1) 
punch  ioo,n,k 

GO  T0(l0»20>30.«0,50.6)) , J 

punch  2oo 
punch  2 i o 
GU  TO  500 
Punch  2$o 
PUNCH  2b0 
GU  TO  500 
punch  3q0 
Punch  3 i 0 
GO  TO  5oO 
Punch  350 
Punch  3b0 
GU  TO  5o 0 
punch  <100 
punch  UjO 
GO  TO  500 
PUNCH  Too 
punch  7 1 0 

PUNCH  600,(X(I)'V'I),1M#N) 

RETURN 
FORMAT ( 2 15 ) 

FURMAT(l0x,a5HPLOT  OF  REFLECTtO  PURER  VS  QORNRAnGE  DISTANCE) 
FURMATflSHDORNRANuE  DI  STANCE,  2><5hPO.<ER) 

FORMAT(lOx»52MPLOT  OF  REFLECTION  COEFFICIENT  VS  OURnRangE  DISTANCE 


S) 

260  FURMATClSHDURNRANGE  distance, 2XUHRMU0) 

300  FURMAT(10X53HRLUT  OF  REFLECTION  COEFFICIENT  VS  CROSSRANuE  DISTANCE 

S) 

310  FURMAT(1RHCHOSSRAnGE  DISTANCE , 1 X^RRHOo) 

35C  FURMATf  10XU6HPLOT  OF  REFLECTED  pOin'rH  VS  CrOSRR*nGE  DISTANCE) 

360  FQRMATURMCROSSRANGE  DISTANCE,  lX^MPURER) 

<100  FURMAT(tOX21HPLOT  OF  HOnFH  VS  T I Mf.  J 
U10  FURMAT(«HTIME, 16X,5MPURER) 

600  FURMAT («E20 ,7 ) 

TOO  FURMAT (10X28HPLOT  OF  ERROR  VS  Sl*NT  RANGE) 

710  FORMAT(5HRANGE, 15X.9HELEVATION) 

END 


uuu 


page 


Subroutine 


•SUBROUTINE  PICTUR  (X,Y,N) 

craigas  plotting  routine 

iNTtGEP  s,sx,sn,si 

dimension  uiMm.inon 

OATA  SO/tH./fSX/lH)(/,ST/lMT/»S/lw  / 

c 

Yu*Y ( 1 ) 

YL*Y  ( 1 T 

OU  9900  !«?#N 

Z»Y(I) 

IF  (Z  .GT.  YU)  YU=Z 
IF  U .lT.  YL)  YtsZ 
9900  CUNTlNUt 
YDSYU-YL 

IF(YO)8950.8999,B9S0 
B9S0  CONTINUE 

YM«  (YU+YLl/2. 

OU  9902  1 = 1#  101 
9902  l(I)*SD 

WRlTE(b,99l2) 

WRITE (6,9911) 

WRITE  (6#  991b)  YL.YM.YU 
WRI  TE(«>,9919) 

WHlTf (6,991  1)  L 
OU  9901  1=1 # 101 
99  0 1 L ( I ) *S 
LCD  *SD 
L C 5 1 ) «8o 
L(I01)»SO 
OU  9909  I = 1 # N 

KN«IFI*( ((Y(I)-YL)/YO)*in0.0t.5)Yl 

LSavE«L(KN) 

l(KN)«Sx 

C WRITER, 9910)  X(I).Yfl) 

WRlTE(<>fB910)X(I)»L#Y(I) 

C WRI TEC®# 99  11)  l 

C l(KN)»S 

L (KN) »LSA  YE 
9909  CONTINUE 
RETURN 

8999  WRITE(6,9300)YD 

return 

9800  FOR«aT(1X,///»*  VALUE  OF  GRAPH  IS  CONSTANT  a *,E20,8,///) 

9912  FURMAT(lHl) 

9911  FORMATClH  X«,112*#1H  Y») 

9915  FORMAT  ( 5x , 1 E20 . « , 10X , 1 E?0 . 8 , 10 x . 1 E20 . 8 ) 

9919  FQRMAT(lHO) 


PAGE 

subroutine 


9911  FORMAT  (1M*,18X,10U1) 

C99 1 0 FORMATClH  ,Ei9.7#lM.,99xlHi,99XlH.,El9.7) 
9910  FORmaTTih  ,E19.7,101A1,EI9.7) 

ENO 


9b 

PICTUR 


99 
PICTUR 
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SUBROUTINE 


c 


c 


c 

c 

c 


c 

c 

c 


SUBROUT I Nt  PLUTT(nBEAMS) 

CUWMON  vOUTi(|02.|0).H0vnUT2(|02),llf0oT2(l02.10J 

COMMON  DELOUT(127,10),XOimi02»lO).YO')T(10?,lO),EXTRA(lo,2)» 

1 uUTC(127),DARRAY(127)  „ . ,, 

CUMmON  RDELUUT(127»1''),RXOUT(102,10),RYOUT(1«2»10)»RFxTrA(I0,?1, 

1 rRhOARy (105 

CUMM0n/INC/DX,DY  . , _ 

CU*M0N/D£HV/oARHAYn?7)fAHYPAR(5)fGBFTZ0(l0)»GlQ*G20(l0)fN  f 

1 OIROOPi OFlT, UNIFORM, RANGLE»SIGZC#RO/E«0,NCC, 

2 FORP!,Pin2,XTR,YTR,2TR,RTR,RHOARY(10) 

COMMON/INPUTS/XTP,VTP.ZTP(XTV,YTV,ZTV,XRP,YHP,ZRP,r.RM4X.GH»PH,NU, 

s NS AmPLF, VOL T.VPOL.NSLUPE, SLOPE (10,B>* 

• nxSDMX,nYS0MX,DGBaLI,0G8*L1.1, TRACK, NOuT , 

i pj, HEARTH, XL *M, PASSTGT, FORWARD, PULSE rSOPULSE.PWIOTH 

COMMON/pROP T/pB I N Tl, PRINT 2, PR I HT3, PR INT«, PRINTS, I PRINT (20) 
CUMMON/PlTYPE/PENPLOT 

COMMON/x9TUFF/PDXOUTn021,RDYOUT(102) 

DIMENSION  X(102),Y(1B2), VPI102) , YPP ( 20U ) ,POwFR (2 Ou) , T( 1 27 ) 

LOGICAL  PRINTi, PRINT?, PRINT3, PRINT#, PRINT5 

LOGICAL  VPOL, PULSE, P * SSTGT, FORM * RO.SOPUlSE, TRACK, GRAPH 

logical  penplot,volt 

COMPLEX  rozero.delout,outc, extra, xout, tout, rhoary 

complex  YUUT2 


IF(PUL3E)GOTO  1000 
VP(1)*0. 

Y(1)»0, 

X(1)«1.E-10 

DO  10  J»2, 102 
X(J)BX(J-1)70X 
Y(J)«Y(J-l)70Y 
YP(J)»YP(J-n-OY 
10  CONTINUE 

PLOT  OF  REFLECTED  POWtR  YS  OOmNrANGE  DISTANCE 

DO  20  Kil , N8EAMS 
WRITE(6,6000) 

DO  30  J« 1 , 1 02 
POWER (J)*RXOUT ( J, K) 

30  CONTINUE 

IFCPEnPlOTICALL  PENN(X, POWER, 102, K,l) 

CALL  PICTUR(X, POWER, 102) 

20  CONTINUE 

PLOT  OF  REFLECTION  COEFFICIENT  VS  OOWNRANgE  DIST*NCE 


IF(VOLT.OR,PUl9E)GOTO  #0 


SO 

PLOTT 
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SI 

SUBROUTINE  PLUTT 


wfiITE(6,<>010) 

IF  (PENPl.Cn  )CiLL  PENNf  X»fiOxOuT,  10 2,1,2) 
CALL  PlcTjR(X,RDXUUT.l0a5 


C 

C 

C 


C 

C 


plot  of  reflection  cheefictent  vs  cross  rangf 

«0  OU  SO  J*1 » 102 
KsJ-1 
K««102»K 
YPP(J)  :yP(KM 
50  CONTINUE 

OU  60  Jsl 03,  203 
YPP(J)*Y(J*101) 

60  CONTINUE 

IFCVOLT.OH.PULStJGOTn  70 

WR1TE(6,F0201 
00  80  Js  1 » 1 02 
KzJ-1 
Kk*1 02*K 

PURER ( J) SROYOU 1 1 1 

80  CONTINUE 

OU  90  Jsl03,203 

power  c Ji *rot  out ( j-i oi ) 

90  CONTINUE  ,,  . ,, 

TFCPFnPlCHICAlL  P£NN ( YPP» POwER  , 20i* 1 , J) 

CALL  PlcTuB(YPP,POY'E»»203l 

PLOT  UF  REELFCTEO  POWER  VS  CROSS  RANGE 

70  no  100  l«i.nbeahs 
whITF(6, 60301 
no  no  j*  1 » 1 02 

K«J«1 

KK«102*K 

PURER(J)bWTOUI?(KK,L1 
110  CONTINUE 

no  120  J* 1 0 3 , 20  J 
POWER (J)»RY0UT(J-1O1,l1 
120  CONTINUE 

IF  CPENPlOTICALL  PENNr  rpP,PO«FW. 20i,L,U) 

CALL  PIcTuR(YPP,puwER, 203) 

100  CONTINUE 
GOTO  SOOO 


c plot  uF  Purer  vs  tire 
c 

1000  WRITF(6,60«0) 

00  1010  K*1,N8FAMS 
T ( 1 )*aRyPaR(1  ) 


page  S2 

SUBROUTINE  PLOT! 


T ( 1 ) sT ( 1 )/( i.fcOb) 
PORE0  ( 1 ) sROELUUT  ( 1 » * 1 
nu  1020  Js2 # NCC 
T( J)*T (J-l) tOELT 
PORE0 (J) 'ROLL JUT ( J«*T 


1020  CONTINUE  -r  K 

IF(PFNPlOTTCalL  PENNf T , pn„t  R , nCC  , »> , S J 

CALL  PICTuRd, PURER, NCC) 

1010  CuNTINUt 

S000  RETURN  DcriFrTro  POWER  vs  onxNR  A nGE  0ISTANCF///T 

tvmti'T  »> 

""’('A, OT  r>F  .EFFECT,  U»  CM',""  «»  '>>’"*»« 

n,  .EfCtCEO  PO.F.  « «-**...« 

60«0  FORMAT (10X21RPLJT  OF  Pn*FR  VS  TIMt) 

end 
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SUBROUTINE  PSMAPE 


SUBROUTINE  PSmAPF(P«tDTh,np,paRray ,DElT) 

c 

COMMON/lNPUTS/XTP,VTP,ZTP,XTV,VTV,ZTV,XRP,VRP,ZRP,GRMAX,f>RAPH,NG, 

$ NSAmPLF, VOLT. VPOL,NSLOPE, SLOPE f 1 0,0), 

I NX8D*X,nVSOMX,OGBaLL»DGB*LL1.TRACk,NOuT, 

* pI »«E*RTH, XL *M,P*s8TGT, FORWARD, PULSE .SQPUlSE.PwIROUm 

COMHON/pROPT/PRINTl ,PRInT2,PRjNt3, P«INT«, PRINTS, TPRINTf 20) 
C0«MnN/3lNFU/SC0UNT,SDATAl ( lOO),SDATA2f 100) ,SDATAit 100) 

COHNON/sPUiNTS/  XSP(IOO) ,YSP(100),ZSPC100) 

LOGICAL  PRINTl, PRINT?, PRINT3, PRINTS, PRINTS 
C 

DIMENSION  PARRAY(l) 

LOGICAL  SQPULSE , VUL T 

integer  scount 

c 

IF(PRINT5)PRINT  7777 
7777  FORMAT ( * PSMAPE*) 

IPRlNTClO)«IPRlNT(10)*l 

C 

XNPaNP 

PI02»PI/2. 

C 

C IF  A SQUARE  PULSE  IS  NflT  CHOSEN,  A COSINE  PULSE  TS  USED 

IFC.NOT.  SQPUlSE)  GO  TO  10 
DELT  a pw I OT w/ ( XNp» 1 , ) 

DU  20  Ja 1 , NP 
PARRAY(j)al  ,0 

eo  continue 
return 

10  TOapwiDTHo.S 
ONEGAaPiD2/TO 

IF(vnLT)OMEGAaACns(.UlU21i56)/T0 

0ELTa2 ,*PI/ (OMEGA* ( *NP-i .) ) 

Ta-PI/OMEGA 
DU  30  Ja 1 , NP 

PARRAY(J)a(l ,0  ♦ COSfOMEGAAT)  )*,5 
TaT  + DEL  T 
30  CONTINUE 
return 
End 


page  sr 
subroutine  rcourd 

SUBROUTINE  RCOORD(THFTA,x, v,z,xp, YP, ZP) 

COMHON/pROPT/PRlNTl ,PRInT2,PRINt3,PRInT4,ppinTS,  IPBlNTf 20) 

LOGICAL  PRINT1 , PRINT?, PRINT3, P» INTO, PRINTS 
C 
r 

IF (PRINTS)PHInT  7777 
7777  FU»MAT(*  RCUORO*) 

IPRINTCll)aIPRlNT(in  + l 

c 

xpix*;os(Tmeta)+v*sin(Tmeta) 

YPaY»COS(TMET*)-X*SlN( THETA) 

ZP«Z 

RETURN 

end 


SUBROUTINE  SC»n 


SUBROUTINE  SCAnInBEAmS) 

common  y0uT2( i02,  ift)  ,«nynjr^( 102) , BtOuT2t 102,  m 

COMMON  DEUOuT (127, 10) , XQUTt 1 02, lO) , YOuT( 10?, 10),FxTRA(1  0*2) * 

1 UUTC  ( 127)  , D A HR  Ay ( 1271 

COMMON  H0tUUUrn?7.1f')»W-UUTf  102,  tOl.HvO'JTf  102,10),RFxTmA(10,2), 

1 hRmOARyUM 

CUMmOn/GRaZE/P*RPP(2,2,2) 

CQmmOn/tGa IND/G20P ( «) * G 1 flP ( 4) 

COMMON/ tGA l NP/GlP(U) . G?P(4) 

CU**MON/BE*MS/S*Nr,LEM0»27»UxS(lO).UV3(10),U2S(10) 
CJMMnN/Df«V/P*BH*Y( 1?7) , AH v p A p ( 5 ) , Gd  F T 7 0 ( lft),(il0,G?0( 1”) » NP  * 

1 DIRDOP , DFlT  , UN IFQKM, 0 ANGLE » SIGZO.ROZFhO,  NCO. , 

£ F JBP  J , P in,*,  XTR  , YTH  , Zip  ,RTg  , WH(j*HY  (107 

CQ“HPN/fcXT/NVMAX 

CO“MnN/lNPUT3/XTP,YTP,ZTp,XTV,YTV,ZTV;XKp,YHP(ZMP,&R“4X,GH4PH,MG, 

j nsamPlF,VULT«VPOL,NSIUPE,SLOpE(10,R), 

i NXSi)“X,NYSr>MX,DGR*l.L,0r.6ALLl,TBACK,N0uT, 

j PI,RFABTH,YL*M,P*5STGI,Fr>Rw»RD,PULRE»SOPUL3t»P“lIDTw 

CL)MMPN/pATr'/Ji)«B*D,cn,AO,3lOD,Js»BwS»CSC*N»ASCAN,S7o<:CAN» 

i Jd.Bwb,C«, 4H.ST0H 

CUMM0N/PG4lN/GT,PT.GP,P4r'CnN 

CUMmON/pOINT/UXPOINT  ,uYPni^T.uZpOl*JT*OSl>JE(  1ft) 

COmMOn/PRUpT/PRINT1  ,P«lN72.PBI‘.T3,PK!NTa,PPlNTS>TPBIK1T(20) 
COmmON/hCUFF/FRES(?,?) 

CUMMON/ROuD/BOn 

CUMmON/x5TUFP/POX01IT(1021  .HQVJUT (102) 

COMmON/S I nFO/SCQUnT,  SO  *T*  1 MOO), 50*1*2(100), BP *TAS(100) 

COMMON /sPU I NTS/  XSP(100),y8P(100),ZSP(100) 

CO“MON/mULSPEC/SPCHECK 

ni“ENSION  PaPJISCIO) 

DIMENSION  X(2),Y(2),YS(2),YS(2),Gt)FT*(2,?) 

DIMENSION  PAR (?*?,<>)  .P*RP(?,?,b) 

DIMENSION  PARS(2*2*6) ,P*BPS(?,?,B) 

01  mens  I ON  OPruFRf  1 0)  ,OpUWERS(  10)  , SpUwEB(  1 0)  ,SPO«ER5(  1 0) 

DIMENSION  VUl.  I AGE ( 1 0 ' 

LOGICAL  VPOL.POLSE  * PASS!  GT,FnR»<AB0,S'3Pl'LSE.  TRAC  a,  GRaPh 

LOGICAL  PHINTI, PRINT?, PRINTS, PRINTP.F HINTS 

logical  uniform, volt, first 

CUMPLEX  RoZERO,DFLr)UT,nuTC,EXTBA,  xnuT,  YJIJT.RMUARY 

complex  vultagf, Perots 
COMPLEX  YUUIP.fpfS 
I N T t G E R SCOUNT 

EOUIVALENCE(GBETA( 1) ,PAR(1 , 1 ,6) ) 

NAMELIST/UUT1/VULTAGF 


IF (PRINT5)PRInT  777/ 


PaGE 

SUBROUTINE 


7777  FQRhAT f * SCAM* ) 

IP»INTCl2}*IPMlNT(12Wl 

C 

C COMPUTE  RAOAR  Range  CONSTANT 

C 

RAOCON*pT.Gr*G»«(XLAM**2)/fFnRPi«»J) 

IF (PASSTGT  .ANO,FjR*ARn)RAncON«PT«GT«SH»ZO/fFUPPT»«2) 

c 

C ZERO  OUT  POxER  arrays 

C 

00  100  J«l»2 
00  100  K«l»2 
00  RR  L * 1 * 6 
PARf J,K,l jrO.O 
PARS(J»K,L)«0.0 
PARPf  J,K,U*0,r 
PARPSf J,K,LJ«0.0 
rr  CONTINUE 
00  Rfl  U»7,R 
PARPf J,r,L1«0.0 
PARPSf  J,K,U»0.0 
Rfl  CONTINUE 
100  CONTINUE 

00  200  jaitNBEAMS 
VOLTAGEf J)«0.0 
OPOxEM  f J) »0 « 0 
DPOxEHSf J)*0,0 
SPOxER ( J ) • 0 , 0 
SPOxERS  f J) *0 , 0 
rhoartcj)«o,o 
oo  a i o r»i#io2 

*UUTfK,j)«0.n 
VOUTfK»j)»0,0 
Y0UT2f*» J)«0, 

OELOUTCK. J)«0,0 

210  CONTINUE 

00  21  1 K*  1 0i» 1 27 
OELOUT ( K * J ) *0 , 0 

211  CONTINUE 
EXTRAf J,l)«o,0 
ExTRAf J,2)*0,0 

200  CONTINUE 

00  250  J* 1 » 1 02 
ROKOUT(J)«0, 

RUYOUTf J)«0, 

RDY0UT2f J)«0, 

250  CONTINUE 

00  212  J*  1 » 1 27 
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n n n 


! 


p*ge 

SUBROUTINE 


OuTC ( J) *0 , 0 
212  CONTINUE 

c 

c initial  constants 
c 

X c 1 )»XRp*l . 0E-10 
T ( 2 ) ■ 0 • 0 

N*«  1 

N Y ■ 1 

SCOUNT«0.0 

C 

c n i n i m 'j m op  ground  range  to  horizon  anu  input  ground  range 

c 

ThETA**COS(REaRTh/2RP5 
RmOrsREaRTHaThE  T a 
RriORl  A M I N 1 (KH|JR,GRMA)t) 

FIRSTS. T«uE. 

EPS  1 ■ , 0 1 
FPS2= . 0 l 
C 

C LOOP  FOR  NEXT  x 

C 

101  CONTI  Nil  |". 

X ( 2 ) s X ( j )*0* 

IF(X(2I  .GT..HwuR)*(?)=RNOR 

find  parameters  Fur  tmF  ruTTOm  patch  CORNERS 

CALL  FINDPAH(Y(21,X(?),2,2,PAR,PAHP) 

Call  MnDPaH(y(2),x(i ).2,1.p*h»p*RR) 

c 

C FIND  next  y 

c 

102  CUNTlNUt 

V C 1 )*Y  C 25 ♦OY 

c 

C find  PAramFTErS  FJR  TmF  TUP  PaTcw  CORNERS 

c 

CALL  FlNDPAR(Y(l),X(?)f l,2,PAP,pAhP) 

CALL  F InDPAR ( Y C 1 ) t X ( ! ) . 1 . I aPAR.pARP) 

c 

C CHEcx  Gradient  IN  Tmf  x DIRECTION 

C 

GRA0XsAMAXl(ABS(PAR(?,l,N)-PAR(2*2.B5),ARS(PAWfl,l,5)-PARM»2,6n) 

C 

C DIVint  x INTO  REDUTRFo  INTFRVaLS 

C 


t 


S7 
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Tv1sGRAdX/Dg«all 
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SUBROUTINE 


IFfTVl.GT.lOOO.)  TV1«1000. 

NXSD«INT(TVntl 

NxSD«mInO(NXSD,nXSOmy) 

CNECk  G»AOIFNT  In  Y OIRFCTIOn 

GRAQYbAmAxI (ABS(PA»(1  , 1 ,B)-PAR(2, 1,6)), ABStPAHf 1 . 2 » 6 I «P A R ( ? , 2 , h )) ) 

D I V iOfc  r INTO  REQUIRED  INTERVALS 

Tv2»GRAdY/Di;BaLL1 

IF (TV2.GT.1000.)  TV2«l00n. 

MyS0«Int(TV2H1 
NY3d«MInO (NYSU,NVsOmx) 

ZERO  OUT  RWROIS  array 

RhOd»0  . 

f>0  20  <!■  1 , 1 0 

P*ROIS(J)»0. 

20  CONTINUE 

CHECK  TO  SEE  IF  The  PATCH  M*s  8FEN  DIVIDED 

IFfNYSO.EQ.l  ,anD,  NxSO.EQ.l)  GO  TO  lOJ 

OOXaOx/NXSO 

OOYbOY/nYSO 

xs(2)»X(i) 

00  10  Jj«l,NXSO 
XS(l)«Xs(2) 

X3(2)»X3(n»00X 

YS(2)«Y(2) 

FIND  PARAMETERS  F'jO  bottom  OF  The  SQUARE 

CAUL  FInDPAK(y3(2) ,XS(2) ,2,2,PArS,parP5) 

CALL  FInDPAR(y5'2),XS(1) ,2,  1 , P A»S,  RARPS ) 

00  JO  K«1,ny3u 
VS(1)»Ys(2)aOOY 

find  parameters  OF  the  top  of  The  square 

CALL  FInOPAR(Y3(1),XS(1),1,1,PArS,PARP3> 

CALL  FInOPAKCySU ),XS(2) , 1 , 2 , P*RS,RARPS ) 

* I NO  POmER  FOR  A shall  patch 

CALL  F InOPMM(P ARPS, PARS, oox, DOT, OPOmEH3,SPOMFRS, VOLT AQE, 
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subroutine 


SNBEams) 

IF(VOLT.OR,PULSE)GnTn  ?^ 

RhOD»RhOD»ROD 
27  OU  25  J»1,NBEams 
IF(VOlT)  GO  Tu  600 

P»RDIS(  J)sDPO*ERS<  JWSPUREPS(J)+P»R|)1S(  J) 

rhoaryc  j)  »RMnARr  ( Junpn^ERSf.i)  + spuwebs{  J) 

IF  (PULSE)  RMOART  (J)anPO*EKS(. MAURERS  t J) 

GO  TO  25 

600  RhOARy(J)»RhOaRY(  J)  ♦VOLTAGE  (.1) 

PwRDIS(J)»P«RDIS(J)  + VOLTAGF(  J) 

IF  (PULSE)  RHUAHYf  J)avTLTAr.E(J) 

25  CUNTINUE 

CALL  SPrEaO(PaRS#nBEamSi 
C 

C PREPARE  TU  GO  TO  T«E  NEXT  PATCH 

C 

CALL  SNIFT(PArS,P*RPSI 

VS (2 ) *Ys ( 1 ) 

JO  CONTINUE 
10  continue 

IF(vOLT.O«.PULSfc)GOTn  lou 
ROXOUT ( NX ) *H0x0UT (NX ) ♦RhOQ 
IF(FIRSt)GOTO  h 
RDVOUT2(NY)*RdvUUT2(NY)+RmOO 
GOTO  lOu 

11  RD V OUT ( N V ) * HO  y OUT ( N y 1 ♦RoTO 

GO  TO  lo« 

103  CONTINUE 
C 

C FJND  PO„EH  FOR  A LARfifc  PATCH 

C 

CALL  F lNDPNH(PAHP,PAR,DX,DY,nPTi»ER,SPOwtR, VOL  T*GE,NBFAmS) 

IF(vOLT,OR,PULSE)GOTO  28 

RhOD»ROD 

RDXUUT (nX)sRDxOuT (NxI+RhOQ 
IF  (FIRST)GOTO  29 
PDVQUT2(NY)aRDVOUT?(NY)+RHnD 
GOTO  28 

2R  RDV0UT(NV)3HDYnUT(NYURM0D 

26  DO  26  Jal .NBEAHS 
IF (VOLT ) GO  TO  610 

P«RDIS( J)«DPO«ER( J)+SPn«FH(  jj 

RmOARY  ( J)=RmOARY  ( JWnPO«ER{  JWSPPwF«(  J) 

if  (Pulse ) rnuary  (J)supuwer(J)  ♦sPowER(.i) 

GO  TO  26 

610  RhOARY  ( J)»RmOaRY  (JWVULTAGE(J) 

P*RDIS(J)=VULT*GE(J) 
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If  (PULSE ) RnOARY(J)svOLTAGECJ) 

2b  CONTINUE 

CALL  SPrEaO(PaP, N0f AMS1 
10U  CONTINUE 
C 

c range  distribution* 

c 


IE  f PULSE ) GO  TO  22' 

00  250  J«l. • "LAmS 

XOUT  CNX»J)«XOuT  (NX»J)*P«R|)IS(J) 

IECFIR3t)GOIO  23 0 

YOUT2(Ny,  J)«Y0UT2(NY, J)*P^RDISt J) 

GOTO  220 

230  VOUTCNY, J)«yOUT(Ny, JltPwRDlSf J) 

220  SCHECKlsCPAKf  1 >2<6)tPAP(l«  1 * b ) 1/2, 
IECNY.GE-NYHAXIgO  to  2 2 1 
IE (SCMEc* l ,Gt,  Epsn  Go  TO  1 os 

*21  IE CXC2)  .GE.HHurjgoTu  lOb 
*(1)»X(2) 

V(2)«0.0 
NY«1 
NXRNXtl 
GO  TO  lot 
105  CONTINUE 
NY«NYtl 
C 

c PREPARE  To  GO  Tu  NEXT  PATCH 


CALL  SHiFTCPan.ParP) 
Y C2) »Y  C 1 J 
GO  TO  1 0 2 
10b  DY«-DY 


V(2)»0.0 
X(l)«xRp*l,t-10 
IEC. NOT. FIRST)  GO  TO  900 
FIRSTb, FALSE, 

NX«1 

NY«1 

GO  TO  lol 

900  IECHAS3TGT,ANi),FORWARD)GOTn  300 
lFIVOLT)GOTO  310 
DO  320  J«1  * N0EAMS 


DPOrER(J)«PT*GT*G20(J)*(xlam**2)/'( (FORPI*rTR)*#2' 
RhOary  ( J)  bRhOaR  Y { J)  ♦npn>»ER(  J) 

320  CONTINUE  J0El,nUT * 1 # J)«DELOUT( 1, J) ♦DROVER! J) 

RETURN 


310  DO  330  J»1»NBEAM8 


subroutine 


bO 
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SUBROUTINE 


,n  5t!LTUGE1(5).USINE(JT*BUPTfPT.GT.G20(J)*(XL»-..2V((fORPl.PTB)‘*?)) 
Sl2  RhO*PY(j)=RHnXPTfJUVULT*GE(.») 

IE(  PULSE)  Of  LflUT(l,J)sOELOUTn*J)*vril-TAGE(J1 

550  CONTINUE 
RETURN 

500  IF(V0LT)GUTU  910 

DPONER(l)»PT«GT*SIGZP*GlO/(FORPl*CPTR**21  ) 
RM0iPT(l)«9Hn*RY(IUnP0^ERfn 

IF(PULSE)OELOuT(l,n«OELnUT{1, 1 )*QPO*tR( 1 ) 

RETURN 

QlO  IF (.NOT ,TH*CK)GU  TO  920 

VOLT*GE(J)PDSINt(J1*SQPTfPT*GT*SlGZO*GlOP(J)/(EOPPl*(PTR**?)l) 

RmOaRY ( J)=RMQ*PYCJ) ♦VOLTAGE (J) 

IF(PUL3E)0ELnuT(I,J)a0FLnuT(l» J) ♦VOLTAGE CJ1 

950  CONTINUE 

920  VUlTAGE(l)*USINtfl1*SURTfPT*r. T«SlL?Q*G10/(FURPl*fRTR**2))) 

RfinARY(l)»BHOARY(I)»VOLTAGEU) 

IF (PULSE IDELOUTM , 1) sOElOuT ( 1 « I ) + VOLT  AGE  C 1 1 
RETURN 


END 


M 
SL  *n 


PAGE 


N2 

SUBROUTINE  SGaIn 


SUBROUTINE  SGaIN(P»RP,PDATA,GaInS,  sdelR) 

c 

CUMMON  yOuT2( I02> 10)  ,R0yOUT2(102) > RYOuT2 ( 1 P2 , 1 0 ) 

COMMON  qElOUT(127, 101 , XOUT{102. iO),YOUT(10?,10),EXTRA{10,2>, 

1 oUTC(127),DARRAY{127) 

COMMON  RDELOUT fl27»10) , RXOUT ( 1 0 2 »10)*RVOUT(tf'2»lO),RExTRA(iO,2J» 

1 rRhOARYMO) 

COMmON/BEAMS/SANGlE(10>21 ,UX9(1(0 , UYS(  10)  ,UZ9O0> 
CUMMON/TGAlNP/GlP(U),G2Pf«) 

CUMmON/TGaINO/G20P(<0,GiOP{<0 

COMMON/dEHV/PaRRay(1?7), ARVPAR(S) ,GBETZ0 t 10) ,G10,G20( l«) *NP, 

1 OIRDOP.DFLT, UNIFORM, RaNGLE.3IGZO,ROZERO,NCC, 

2 l'OPPI,PIN2,XTR,YTR, ZTR,RTR,RHqARY(10) 

common/ lNPUTi/XTP,TTP,ZTP» XT V,YtV#ZTV,XRP, VHP, ZRP.GRMaX,  GRAPH,  NG, 

s NSAMPLP,  VulTi VPOL.NSUUPE# SLOPE f 1"»P) » 

s NXSQMX.NYSOMX, OGBaLU DGdALLl, TRACK, NOuT, 

, PI ,RFABTH,XL*M,RAs9TGT, FORWARD, PULSE,  SNPULSt.RwiOTH 

COMMON /PATO/JD,flMO,Cn, *0,3100, Js*BM9,CSCAN, ASCAN,SIoSC*n, 
j JU,BWB,CB, AB.SIOB 

COMMON/PGaIN/GT,PT,GR,RaOCON 

COMMON/PROP T/PRINT1, PR  I NT2, POINT  3, PH  I Nl4,PRl NTS, IPBlNJ (20) 

COMMnN/pATCh/XGR,YGH,ZGH,XGT,YGT, zgt 
COMMON/rTYPE/SPEC, diffuse 

COMMON/$lNFU/SCOUNT,50*TAiaOO),SU*TA2aOO),90*TAJ(lOO) 
COMMON/SPUINTS/  XSP(100),Y9P(100),Z9P(I00) 

C0MM0N/MUL9PEC/SPCHECK 
DIMENSION  PARP(2,2,91 ,POATA(R) 


LOGICAL  VPOL,PUL9E,PAS9TC.T,FORRAHO,SOPUL9E, track, graph 
LOGICAL  PRINT  1, PR INT?,PRlNTi,P« INTO, PRINTS 
LOGICAL  UNIFORM, volt 
LOGICAL  SPEC , Dl FFU9E 

COMPLEX  rozero, delout.outc, extra,  xnuT, tout, rhoxrv 
COMPLEX  YJUT2 
INTEGER  9C0UNT 
C 

IF(PRINT5)PRINT  7777 
7777  FoRMATt*  SGAIn*) 

IPRINT(i3)»IPRInT(13)t1 

c 

90ElR»0.0 

GAlNSaO.O 

IF(.nqT.9PEC)RETURN 

c 

C FIND  UNIT  normal  10  PATCH 

c 

RLNTH«9QRT(POATA(5>**27POATA(«Op*2*PDATAf 

RLNTHI«i ,/RLNTH 
UXLN»PDaTA(5)*RLNTHI 


page 


hi 

SUBROUTINE  SGAIN 


UYLN=P0aTA(6I«RLNTMI 
U2LN«POaTA(75*»LNTHI 
HRPxXGR*UXLN+YGK*UYLN»ZGR*UZLN 
HTP«Xl,T#UKLN*rGT*UVLN  + ZGT*UZLN 
IF(mRP.lT.O.O.OH.hTP.lT.«.C)RETu«N 

RCOEEF*POATA(1)*UXLNaPOATA(2)»UyLNa(PD*TA(3)-ZRP)*UZLN 

xn«rcoEff*uxln 

yh«hcoeff*uyln 

zr«rcoeff*uzln*zpp  . , 

TCOfcFF«uXLN*(POATA(n-XTP)AUYLN',pO*1*(2)*uZLN*(POATAfJ)-ZTP) 

xt«tcoeff*uxln*xtp 

YT«TCOEfF»UYLN 

ZT»TCUEFE*UZLNTZTP 

CALCULATE  vector  in  TANGENT  PL*n£  FROr  receiver  to  TARGET 

px*xt-xr 

PyxyT-VR 

PZ«ZT-ZR 

cu«pute  UNIT  vfctur 

RPR*SURtCPX**2+PY**2+PZ**2) 

RPRI»I ./RPR 
UPX«PX*RPHI 
UPVxPyoRPRI 
UPZaPZ*RpHI 

COMPUTE  SPFCULAP  POINT  IN  TANGENT  PLANE 

rLxrpr*hRP/CMRPamTp) 

XSPEC«RL*UpX 

YSPEC«RL*UpY 

ZSpEC«RL*UPZ 
XSpEC«XR*  X3PEC 
YSPEC«TR*Y3PFC 
ZSpECsZR+ZSPEC 

XMINXAMINJ  CPARP( J , 1 , n ,PARP< 1 ,Z, 1) ,P»HC  <2, 1 » 1 ) » P*Rp(2»  n T 

XM A x ■ AMA  X I C p ARP ( 1 » 1 » 1 ) » P A RP ( 1 » 2 # 1 ) * P * RP ( ? * 1 * 1 ) » p* Rp ( 2» ? # 1 ) Y 

yMlN«AMlNi(PARP(t,1,?),PARP(l,2,2),P‘Rp(2,l»2)*pARP(2»2»2)5 

VMAx«AMAXl(PARP(l,lf2)*PARP(l,2,2),PAHP(2.1,?)»P*RP(2*2#2)) 

IF (xmIN.GT.X9PEC.UR.XSPEC.GT.xMaX) RE  TURN 
IF (YMIN.GT.YSPEC.OR.VSPEC.GT.ym AX) RtTu»N 

SPECULAR  POINT  IS  In  PATCH 
IF (SCOUnT.EU.O)  GO  TO  200 
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SUBHOUT INE 


C CHECK  Ty  SEE  IP  SPFCUL*R  POINT  IS  BEING  COUNTED  TrflcF 

C 

ou  90  Jal  # SCOUNT 
AaA6S(XsP( Jl-XSPEC) 

8*AB9(VSP(J)“VSPEC) 

CaABSCZSP(J)-ZSPEC) 

SUmb* ♦BfC 

IP  ( SUM,  lT.SP'ChFCKJPE  TURN 
90  CONTINUE 
C 

C STOHE  SpECULAH  POINT  ANQ  COMPUTE  SPECULAR  GAIN 

C 

200  flCOUNT«SCUUNT*l 

XSP(SCOuNT)«XSPEC 

YSP(SCOuNT)*VSPfcC 

ZSP(3C0uNn»ZSPEC 

G*N*«AT*N(HHP/Pl) 

GaE0RPl*°DATA(9)*STNfGAMA)/XI.AM 

GaG**2 

IFCG.GT.220)RETuRn 
G A I NSbE  xP ( “G ) 

30ATA2(SC0UnT)»GAJNS 

compute  distance  from  specular  point  to  target 

DT.80HT((XTP-x3PECI..2p(VTP-V3PEC).*?9(ZTP-Z3PEC).p2) 
COMPUTE  DISTANCE  FROM  SPECUlAH  POINT  TO  RECEIVER 
DH«SQRT (( XRP“X SPEC ) **2* { VHP" VSPE C)**2a(ZRP»Z SPEC) **2) 
COMPUTE  SPECULAH  PATH  DIFFERENCE 

sdelr»ot*or-rtr 

GaIN9bGaIN9/U0T*DR)**2) 

SDATAlISCOUNTJaSDELR 
SDATA3(SCOUNT)«GAINS 
RETURN 
END 


PAGE 
SUBROUTINE 

SUBROUTINE  SHIFT(PAR,PARP) 

c 

COMMON/PROPI/PRINTl ,PRInT2.PRINT3,  PRI  nT« ,PRINT5, IPRJNT  (20) 

LOGICAL  PHINT1,PRINT?,PRINTJ,PRINT«,PRINT5 
DIMENSION  PAR(2,2,6) ,PARP(2,2,9) 

C 

IFIPRINtSJPRINT  7777 
7777  FORMAT!*  SHIFT*) 

IPRlNTf  l<!)«IPRlNT(l<ml 

c 

DO  10  Jal, 6 
DO  10  K»l,2 
PAR(2,K,J)bpah(1,K,J) 

PARP(2#K» J)«PaRP(1,k, J) 

10  CONTINUE 

DO  20  Ja7,9 
DO  20  K.1,2 

PARP(2*K*J)*PARP(1#K,J) 

20  CONTINUE 
RETURN 
END 


«»« 

SGa  In 
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SUBROUTINE  SPREAD 


SjBHOuT  JNE  SPReAD(PAR,NBFAM) 

c 

COMMON  yOuT2(l02, 10) ,R0YnuT2( 10  2) ,RY0UT2C 102, 10) 

COMMON  OElOUTC 127, 10) , *OUT (102, 1 0 ) , TOUT (1 o? , 1 0 ) , EXTRA ( 1 o , 2 ) » 

1 0UTC1127),0ARRAV(127) 

COMMON  rDELUUT(127, 10) ,RXOUT( 102, 10) ,RYUUT( 102, 10),REXTrA(10,2) , 

1 rRmOARY(IO) 

COMmON/tGaInD/G20P(«),G10P(U) 

C0MM0n/TGa!nP/G1P(«) ,G2P(«) 

COmmON/bE*m3/3*nGlE(10»2) ,UXS ( 1 0 > » UY3 ( 1 0 ) , UZS ( 1 0 ) 

COMMON/oEHV/P ARR*Y( 127) , ARVPAK(5) ,GBETZ0 ( 10) , G 1 0 , G20 ( 1 0 ) , NP , 

1 '■IRonp,OFl.T,UNlFORM,RAN&LE,STGZO,ROZERO,NCC, 

2 I’ORP  I , PI  M2  , XTR,  YTR  , Z TR  , HTR,  MMqAH  V ( 1 0 ) 

COMMnN/INC/OX,  OY 

COMMON/ INPUTS/ X TP, Y T P,Z TP, XTV,YtV,ZTV,XRP.YRP,ZRP,GRM AX,  GRAPH.NU, 
I N5AmPlf,V0LT,vP0L,NSLUPE, SLOPE  Cl 0,R) , 

3 nxS0mX,nY30MX,0GBaLL, OGB ALLt, TRACK, NDuT, 

s PI. HEARTM.XLAM.PASSTGT, FORWARD, PULSE, SOPUlSE.PMIOTM 

CUMm0n/PATD/J0,BW0,CO, AO, St  00, JS*BWS,CSCAn,ASCAn,SI05CAn, 

S JB,BWB,CB,AB,SI0B 

COMMON/PGA IN/GT,PT,GR,RAnCON 

COMMON/pPOP T/PRInH,pmInT2, PRINTS, PHInTR, PRINTS, IPRlNT(pO) 

LUGICAL  PH INT 1, PRINT?, Phi nT1,PRINT«, PRINTS 

c 

DIMENSION  PA R ( 2 , 2 , 6 ) 

DIMENSION  PPB(JO) 

LOGICAL  VPOL, PULSE, PASSTGT.FnHWAPO.SOPULSE, TRACK, graph 
logical  UNIFORM, VULT 

COMFLEX  rozero, del put.outc, extra, xout,yqut,hmoary 
COMPLEX  YOUT2 

c 

!F(PRINT5)PHINT  7777 
7777  FORMATCa  SPREAD*) 

!PRlNT(l5)«IPH!NT(15)tl 

C 

c if  c«  case  parametehs  are  nut  stored 
c 

IF( ,NOT.PULSE)RETURN 

AMNVAL»AMIN1(PAR(1,1,2),PAR(1,2,2),PAR(2,1,2),PAR(2,2,2)) 
AMXvALPAMAX1(PAR(i,1,2),PAR(1,2,2),P*R(2,1,2),PAR(2,2,2)) 
IF(ARYPAR(3).GT.O,)GnTO  11 
DUMaAMNvAL 

amnval»amxval 
amxval«dum 
11  CONTINUE 

OVAL«ABs( (AMXVAL-AMNVAL)/ARYPAR<5)) 

DO  101  I«1,NBEAM 
PPB(I)1RH0AHY(I)/DVAL 
101  CONTINUE 
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subroutine  spread 


BINMN«(*MNVAt-ARVPAH(l))/ARYPAR(3)sl. 
BINMX«(AMXVAL-AKYPAH<1))/ARYPAR(3)*1 . 
IFCHINHn.GT.FlOATCNOHTM))  GO  To  1? 
IFCBINRx.LT. 1,5  GO  Tn  1J 
NBINMN»INTCBINMN) 

NBINRX«INTCBINRX) 

IF(nBINmX-N8Inhn-i) 1U, 15.16 

14  CONTINUE 

DO  108  I»1»NBEAM 

DELOUTCnBINMN.I )aOELnUTCN8lN«N.  IIaBMOARYCD 
102  CONTINUE 
GO  TO  10 
16  CONTINUE 

KK«NBINmN+1 
KKKsNHInRX-1 
DO  17  k«kk,kkk 
IFCK.LT. 1J  GO  TO  170 
I F C K , GT . n jut  j GO  rn  171 
DO  172  I«1,NBEAM 

172  DELOUTCK.n«DELOUTCK,  n»PPRCD 
GO  TO  17 
C 

C here  IF  within  OISPLAY  range 

170  CONTINUE 

c 

C HERE  if  BELOW  display 

c 

DO  173  I«1.NBEAH 

EXTRACI, IJPEXTRACI.  llAPPBCn 

173  CONTINUE 
GO  TO  17 

171  CONTINUE 
C 

C HERE  IF  ABOVE  DISPLAY 

C 

DO  17«  I » 1 # NB£ AM 

EXTRACI. 2)»£XTRACI»2) +PPR  CD 

174  CONTINUE 
17  CONTINUE 

15  continue 

P«NBINMNtl-BlNHN 
IFCNBINmN  ,LT.1)  go  to  151 
DO  152  I»i.NBEAM 

DELOUTCnBINMN, I)»dELOUTcnbINHN,I)»P*PPBCI) 
152  CONTINUE 
GO  TO  153 
151  CONTINUE 

DO  154  I«l,NBEAM 
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SUB»UI»TInF  spread 


EXTRA(I,  1)»EXTRA(I.  11*P*P°B(n 
15«  CONTINUE 
153  CONTINUE 
C 

C OU  UPPER  partial  BIN 

c 

PsBINhX-NBINMx 

I E f nBI NmX  ,UT,  nOUT)  cn  TO  1 S 5 
00  15b  I * 1 » N0£  Ah 

DELOUT  f nBINMX, T)«OftnuT(NBlNMX# I )»P*PPB(! ) 

156  CONTINUE 
CO  TO  157 

155  CUNTINUE 

DO  150  I ■ 1 » n£E*M 
ExTRA(I,2)«EXTPAtI,2WP»PPfl(T) 

158  CONTINUE 

157  CONTINUE 
GO  TO  10 

12  CONTINUE 
C 

c here  if  all  values  are  bflo«  array 
c 

DO  121  1»1»NBEAM 
EXT«A(I,I)«EXTRAU.1URmOABT(1) 

121  CONTINUE 
CO  TO  10 

c 

C HERE  if  all  values  are  above  array 
c 

13  CONTINUE 

DO  131  1*1 » NBEAM 

EXTRA< I ,2)*EXTRA( i,2T ♦RHOARYC I) 

131  CONTINUE 
10  CUNTINUE 
RETURN 
END 
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SUBROUTINE  TBEAM 


SUBROUTINE  TBEAM<TM£TA,N,XDB,C» A.SIO.SIl) 
common/tph/JCall 

COMMON/pROP T /PR  I NT  1 , PR  I NT2, PRINTS, PHI NT4, PRINTS, IPRlNTI 20) 
LUGICAL  PRINT! .PRINT ?, PRINT  I, PRJNT4, PR  I NT5 

IF(PRINt5)PHInT  7777 
7777  FORMAT  ( * TBEAm*) 

IPRINT ( 16)»IPRInT ( 1 6 T ♦ 1 

JCALL«0 

A A« 1 , / SqR  T ( 2 , ) 

CALL  P*TTERN(N, THETA, C#A.SI0,AA) 

D8LEVEL»XOB/20. 

OBL£V£L»l ./(10.0**DblEV£L) 

JCALL«t 

CALL  PATTERN(n,TheTa,C,A,3I1,OBlCVEL) 

JCALL«0 

return 

End 


page  to 
SUBROUTINE  TUCK 


SUBROUTINE  IRC*  CSuM.BELTA,NRNG,pHITS,PRn 
CUMMDN/TRK/PHlTP.PHITpn.PMlTPDO, AnTSLOP 

C0NR0N/uERV/PARrtA»np7),ARVP4RCs),GUET20(lfl}.Gl0iG?0O«)»NP, 

1 DIROOP, belt, UnTPOH", Bangle. SlGZO.RnjEHO.NCC, 

2 FORP!.Pin2.XTR.rTR.ZTR.RTR.HMQA0V(IOl 
CUMMON/INPUTS/XTP, UP, ZTP.XTV, VtV.ZTV, X«P,VR»,ZHP, GRmaX, GRAPH, NG. 

» NSANPUP.VULT.VP01 , NSLUPC. SLOPE  ft 0 , •) . 

s NlSOHX, NYSHMI , BGSAlL. UGSAULl. TRACK. nOuT. 

S PI.REARTH.KUAN.PAsSTGT.rORMARO.PULSE.SOPUuSE.PNlOTH 

DIMENSION  SUH(127),0FlTa(I27) 

COMPLEX  RoZEPU.RhOAHV 

complex  sum, delta 
complex  SuM 1 » OFLT A 1 
REAL  KT 

LUGICAL  UnIFORM.VPOL, volt, GRAPH, TRACK 
LOGICAL  PaSSTGT.FORnAHD.puLSE.SoPULSE 
DATA  GT,HT.KT/,5,  .09,0.0/ 

NAMELIST/’INP1/3UMi,DFLTaI,TsUM,tDELTA 

NAMELISt/FILTER/OeLPMI,PHITR,PMiTS,PMITSD,phTTSDD,PhITP,PhITPD, 

S PMItpDd 


r*or*f»c*r*r*r»r»r* 
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SUBROUTINE  TO  GENERATE  80RESITF  ERRORS 
TRACK  TaRGEJ  AND  POINT  T»ACMnG  *NTtNN» 


CuBHfNT  TRALKtR  IS  AN  AyfRAGE  PQWEB  UNIFORM  WEIGHTING  TRACKER 


FIND  aVgE  Sum  and  DIFFERENCE  VECTORS 

DEL  T A 1 »o . 

SuMl»0. 

DO  in  Ja  l > NHNG 
SuM 1 rSUm 1 aSuh ( J ) 

DELTA1»DELTA1+DELT*(.1) 

10  CONTINUE 

SUMlaSUMl/NHNG 
DELTAIsoElTAI/nrng 
TSUMBSUMl»CUNJGCSUMn 
TDELTAaoELTAl.CUNJG(DEUAl) 

C 

C FIND  ROuGm  tJORF SITE  FrRiJR 

C 

DDOTSX»rEaL(Sumi1«REALCOEItA1) 

DDOT8Y*aImau(SUM1 )«ATmAg(DELTA1  ) 
D0nTS»DDOTSXADDUTST 

DELPHI apDUTS/C ( SORT ( TSUM+ TO£L T * ) )»SQRTCTSuM)  l 
pmITR»PmITPaDELPhi 
C 

C PASS  THrOuGm  GHk  FILTE»S 

C 

PhITSbPmITPaGT* (PnlTR-PHlTP) 

PrlITSO*pHITPn  + HT/pRI«(PNlTP»PHlTp> 

PhITSDDbPmI TPDOa?.oKT/(PRIa«?)« (PhITR-PhItP) 

C 

C PREDICTED  values 

C 

PmITPiPhI TStPHl TSO*PPlAPHITSDO«pRI**?*.S 

P*lTPD»PMITSDtPHlTSDn«PMT 

pmITPDDxPmITSDO 

return 

Entry  trkinit 

C 

c call  unce  at  start  uf  track  tu  initialize  filters 
c 

PhITP»160./PI*AT*N(ZTR/XTH) 

PHlTPO»ieO,/PI* ( ( (XTR*ZTV-ZTRaXtV)/(RTR»*2> )l 

PmItPO»-PhI  tpd 

PMlTPDOaO.O 


I 

RETURN 

End 

i 


I 

I 

I 

I 
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APPENDIX  C 

DETAILED  MULTIPATH  THEORY 


Kirchhoff  Solution  for  the  Scattered  Field 

Let  P be  an  observation  point  and  R/  the  distance  of  P from  a point 
(x,  y,  C (x,y)  ) on  the  surface  element  S (Figure  61).  The  scattered  field 
E^  at  P satisfies  the  reduced  wave  equation 

V2  E + R2  E = 0 (1) 


together  with  appropriate  boundary  conditions  on  S.  The  solution  of  (1) 

in  terms  of  values  of  E and  its  normal  derivative  on  S is  given  by  the  Helmholtz 

integral 

E2(P|  = 4 ^ //(E5S-f5f)dS  <2> 

s 


where 


i.kR ' 
e 

= ~Rr~ 


(3) 


is  a well  known  fundamental  solution  (in  3-dimensions)  of  (1). 

Assumption  1:  Let  the  surface  element  S be  small  enough  so  that  the 

reflected  rays  reaching  P may  be  considered  parallel  (or  equivalently,  let 
R -*  00 , that  is  to  say,  remove  P to  the  Fraunhofer  zone  of  diffraction). 


Under  assumption  1,  (3)  may  be  replaced  by  the  approximation 


Y 


e 


i (kR2 
R 


(4) 


All  notation  and  assumptions  throughout  this  Appendix  are  consistent  with  those 
introduced  in  sections  2.  1 through  2.3  of  this  final- report. 


C-l 


I 

I 


4 


where  is  the  distance  of  P from  the  origin  of  the  selected  coordinate  system 
(see  Figure  6). 

Assumption  2:  Assume  the  surface  does  not  contain  a large  number  of 
sharp  edges  or  other  irregularities  with  small  radii  of  curvature,  i.e.  , assume 
the  radius  of  curvature  of  the  irregularities  is  large  compared  with  the  wa'  e- 
length  ^ 

Within  assumption  2,  the  field  and  its  normal  derivative  on  S may  be 
approximated  by 

(E)c  = (1  + R*)  E.  (2) 

S 1 (5) 

± -* 

67  = j (1  - R ) E (k  * n) 


where  n denotes  the  unit  normal  to  S (see  Figure  9). 

Substitution  of  (4)  and  (5)  into  (2)  now  leads  to  the  equivalent  integral 
representation  of  the  scattered  field  at  P 


e2  (P) 


ike  **2 


->// 


(a  £ + c£  - b)  e1V’  r dA 


where 


a = (1  - R)  sin  9^  + (1  + R)  sin  9^  cos  ^3 

b = (1  + R)  cos  9^  - ( 1 - R)  cos  9^ 

c = ( 1 + R)  sin  9 sin  9 
-»  c 5 


- k [(sin  9.  - sin  9_  cos  9 ) x - sin  9_  sin  9,  y - (cos  9,  + cos  9_)  z ], 
L 1 2 3 o 2 3 7o  1 2 oJ 


Brekhovskikh  (Ref  4)  suggests  the  criterion  4nr  cos  (*/)  >>T  where  rc  is  the 
radius  of  curvature  of  the  surface  irregularities  and  is  the  local  angle  of 
incidence . 


'Henceforth  the  superscript  4 on  R will  be  dropped  for  notational  convenience. 

^Imbedded  in  Aj  are  the  peak  transmitter  power  and  the  antenna  gains  for  non- 
isotropic antennas. 
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and  thr-  integration  is  now  over  the  rectangular  projection  of  S onto  the  xy-plane. 
Also  and  £ denote  partial  derivatives  of  £ (x,  y)  with  respect  to  x and  y, 
re  spectively. 

Mean  Scattered  Power 

The  mean  scattered  power  from  the  surface  patch  S is  given  by 


/bP2\  - 1/2  Yo  E2E2  ,11 


(7) 


where  the  asterisk  (*)  denotes  the  complex  conjugate,  and  Yq  is  the  admittance 
of  free  space 

To  facilitate  the  determination  of  /e^E^V  set 


0 


(81 


where  E^q  is  the  field  at  P reflected  from  a smooth,  perfectly  conducting  plane 
element  in  the  direction  of  specular  reflection.  In  addition,  the  plane  element 
has  the  same  area  as  the  surface  element  S,  and  is  under  the  same  angle  cf 
incidence  and  at  the  same  distance  from  P.  Finally,  the  incident  wave  is 
assumed  horizontally  polarized.  Under  these  restrictions,  the  integrations  in 
(6)  can  be  carried  out  to  yield 


ikA  i 
E20  = 2^R2 


ikR, 
e 2 


cos  Aj  £>A 


With  the  above  normalization  the  mean  scattered  patch  power  is 


(9) 


\SiT  - */2Yo  IE20|2  pp* 

and  it  remains  only  to  determine  ^PP::^  from  the  expression  for  P: 


P = 


2 cos 


Tr-ra  // 


(aC  + cC  - b)  e^V  r dA 
x y 


(10) 


(ID 


1.  Here  E^  ^as  been  time  reduced  and  denotes  the  field  at  the  peak  of  a sine 
wave  (in  t).  The  1/2  has  been  included  to  account  for  averaging  over  time. 
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From  this  expression 


H - 


1 


4 cos^  0^  (& A)^ 


Y r Xj-  Yr  Xr 
Y -X  -Y  -X  1 


+ cC  - b)  x 
*1 


(aC  + cC  - b)  e 
x2  ^2 


i v * ( r i r2^  dx^  d*/j  dx^  dy. 


(12) 


where  r ^ and  r 2 denote  vectors  from  the  origin  to  the  variable  points 
(Xj,  yj,  Cj)  and  (x2,  y2>  £2),  respectively. 

Assumption  3:  Assume  the  covariance  between  a,  b,  c,  a,  b,  c and  the 
partials  of  C,  may  be  neglected.  In  addition  let  ^ (Cx^  **  R (Cx  = ^Cx\)  = R ('l'  = t 
and  the  reflection  angles  0 , 02»  0^  remain  essentially  constant  over  S, 

Assumption  4:  A>>  X. 

Assumption  5:  Let  the  surface  element  S be  very  rough,  that  is  to  say, 


/~g  = (cos  flj  + COS  P2)  >>  1. 


(13) 


Within  the  assumptions  3 and  4,  (12)  may  be  replaced  by 

Yr  Xr  Y r Xr/: 


(pp”>  ■ 


BB* 


4 cos^  0^  (&A) 


) + v (Yl  - y2) 


1 v 

x e z 


(Cj  - C2^»  dxj  dyL  dx2  dy. 


(14) 


where 

, . 4 

BB*  = |R  (ill  .)  |2  1V‘  (15) 

1 (kv  r 

z 

and  v , v , v^  denote  the  x,  y,  z components,  respectively  of  v (see  (6)  ).  It 
should  be  noted  here  that  (14)  follows  by  expanding  (12)  apd  integrating  by  parts 
term  by  term  taking,  at  the  same  time,  the  term  BB*  out  from  under  the 
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integrals  (assumption  3).  Boundary  terms  that  arise  during  the  integrations  by 
parts  are  also  neglected  in  arriving  at  (14)  as  they  remain  small  (by  assumption 
4)  in  comparison  to  other  remaining  terms. 

- ivz(Crc2)  v 


The  cerm  ( e 


^ in  the  integrand  of  (14)  is  the  two-dimensional 


characteristic  function  of  the  distribution 


W (z  . , z_)  = * / o 6XP  ~ 

ZTT°h  /l-CZ 


2 __  2 
zi  ~ 2Cziz2  + zZ 

2°hZ  (1  - C2) 


and  is  equal  to 


'iv  -CUPs 

e /=  exp  [-g  ( 1 - C)] 


where  g is  defined  in  (13)  and  the  C appearing  in  both  ( 16)  and  (17)  is  the 
normalized  correlation  function 


C(T)  = e 


-T2/d  2 

c 


Here  T is  a separation  parameter  equal  to  the  distance  between  the  variable 
points  (Xj.y^)  and  (x^,y^)  in  A,  and  dc  is  the  correlation  distance  equal  to  the 
distance  in  which  c(t)  drops  to  the  value  e This  value  of  dc  should  be 
small  compared  with  A,  for  in  the  contrary  case  the  surface  elements,  in 
contrast  to  being  rough,  would  contain  just  a few  irregularities. 

To  proceed  with  the  determination  of  (pP:y> , first  approximate  the  integral 
on  the  right-hand  side  of  (14)  by  an  integral  over  the  smallest  circle,  containing 
the  rectangular  region  A.  With  the  radius  of  this  circle  equal  to  L,  and  with 
the  introduction  of  the  polar  coordinate  transformation 
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X ^ - X->  = T cos  Cp 


y ^ - y 2 = T sin  ^ 
(p  0 *\ 


BB* 


(19) 


L 2tt 


4 cos  9 , (&A)  J J 
1 o o 


/Pv 


T cos  cp  + i v t sin  cp 
x y 


x exp  [_g  ( 1 -C) ] TdTdcp 


(20) 


The  integral  over  cp  in  the  above  expression  may  be  evaluated  and  leads  to  a 
Bessel  function  of  order  uero  so  that  may  be  taken  as 

L 

<PP*\  = f j (v  T)  exp  [ - g (1  ~C]  TdT  (21) 

' ' 2 cos  9 (&A)  J ° XY 

1 o 


where 


Vxy  =^vx2  + vy2  * (22) 

Now  it  may  be  shown  (using  the  assumption  5)  that  the  integral  in  (21) 
significant  contributions  only  from  the  neighborhood  of  t = 0,  whence 
is  set  equal  to 

00 

,/p p J (V  T)  exp  [.g  (1  . C)]TdT  (23) 

\ / 2 cos  9 (6  A)  J ° xy 

1 o 


receives 

<pp*> 


2 2 2 2 

In  addition  the  approximation  exp  (T  /d  ) = C(t)  w 1 - t /d  may  also  be 

c c 

used  to  yield 


rB  B * 


2 cos  9 (6  A)  J 

1 o 


00 

/J° 


(V  T) 

xy 


(24) 
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Now  the  integral  in  (24)  is  well  known  and  can  be  evaluated  with  the  result 

, 2 


<PP*> 


ttBB* 


4 cos^  0^  (6  A)  ® 


C exP  ( - v_2d^2/4g) 


xy  c 


(25) 


The  quantities  0 , P defined  by 


tan  P = 23,  /d 
o he 


tan  P 


v 

xy 


(26) 


are  now  introduced  to  further  simplify  the  expression  for  <PP*>.  Note  here  that 

P may  be  considered  as  a measure  of  the  rms  slope  of  the  surface  irregularities 
o 

and  P is  the  angle  between  the  bisector  of  the  incident  and  reflected  waves  and 
the  local  normal  to  S (see  Figure  8).  Equation  (15)  together  with  (26)  leads 
to  the  final  expression  for  <PP*>  : 


TT  | R(^)|  ^ C O t 2 8 

<PP*>=  7 2 T T—  6XP 

(bA)  k cos  6^  cos  8 


(27) 


Accordingly,  within  the  assumptions  of  this  section 


<6P2>  = 1/2  Yq 


Ai  ^ *„  T /- t.nH 

4HR_2  \tan2p. 


6 A 


(28) 


where  the  cos^P  in  the  denominator  of  (27)  has  been  dropped,  since  in  general 
P is  small. 

Theoretical  Modifications 

Unfortunately  (28)  is  quite  restrictive  in  view  of  assumption  5,  that  is, 
it  was  derived  on  the  assumption  that  the  surface  element  is  very  rough. 

Now  in  general  the  glistening  surface  contains  many  surface  elements  S,  and 
even  if  the  total  glistening  surface  is  uniform  with  respect  to  the  roughness 
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parameters  8 , 0^,  dc>  some  patches  may  be  classified  as  rough  and  others 
as  smooth  since  by  (13)  the  parameter  g is  not  only  a function  of  these 
rougl  ness  parameters,  but  is  also  a function  of  the  reflection  angles, to  the 

patch.  It  is  therefore  clear  that  before  the  total  power  from  the  glistening 
surface  can  be  determined,  (27)  must  be  altered  appropriately  and  the 
assumption  5 relaxed. 

In  general,  the  variance  D [p  } is  given  by 

D(p}  = <PP*>  - <P><P>*  (29) 


where 


X.  X . 


<P> 


-B 


2 cos  9^  (^A) 


/ / > 


i(v  x + v y)  iv  £ 


Y e Z y dxdy 


Y -X 


(30) 


and 


B = <b>  + 


<a>vx  + <c>  v 


(31) 


ivzC 

Now  with  (e  Z ^given  by 


.ivCv  /l_2  2\ 

< e * > = eXp  \2  °h  ) 


(32) 


the  integrations  in  (30)  can  be  carried  out  and 

<p>  = - r(^)  f (0J,  e2,  e3)  pQ<elVzC  > 


1 - R«,)f  (81,62,e3)Po  exP  (-i”h2vz2 


) ] 


(33) 


(30)  and  (31)  were  obtained  in  the  same  manner  as  (14)  and  (15), 


i 
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where 


1 + cos  0.  cos  0-  - sin  0.  sin  0_  cos  A_ 

£ < V V »3>  = br-^icoT^T-c— ^3) 


1 

p = sine  (v  X)  Sine  (v  V) 
o x y 


Under  assumption  4,  Pq  is  Rs  0 except  very  near  the  direction  of  specular 
reflection  ( 0 ^ = 0^,  = 0).  It  is  therefore  customary  to  set  in  practice 


P 

o 


1 

0 


at  the  specular  point 
otherwise. 


Along  with  this  replacement  goes  a re -interpretation  of 

2 


<P>  = 


-R  j)  exn  - 


1 / 4n°h  cos  ®l 


2\ 


(33): 

if  the  specular 
point  is  on  patch 

otherwise 


and  thus 


<P><P>* 


I R (¥ 
0 


exp 


4TTO  COS  0, 
n 1 


if  the  specular 
point  is  on  patch 

otherwise 


In  the  case  of  a rough  surface  (g  > > 1)  <p>  < o w 0 and 


n|R  (i|i  ) I 2 cot2  P 

Dip]  ~<PP*>  = -■■■■■  2-  exp 


,2  2 fl 

k cos  y. 


/ -tan2p  \ 

W?o) 


Recent  developments  (Ref  3)  suggest  an  approach  for  the  determination  of 
for  arbitrary  roughness.  This  approach  involves  multiplying  (39)  by 


sine  (x) 


sin  x 
x 
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(34) 

(35) 

(36) 

(37) 

(38) 

(39) 


(40) 


7 

an  approprate  roughness  factor  so  that  for  arbitrary  roughness 


Dipl  = F 


TT|R  (^  .)  |2  cot2  P 1.2 


k ^ cos2  9 . 


exp  ( - tan  £ 


tan2p 


and 


<PP*> 


if  the  specular  point 
is  on  the  patch 

otherwise  (41) 


At  this  point  of  this  discussion,  a few  remarks  about  the  replacement  of  (33) 
by  (37)  and  about  Fd2  are  in  order.  Consider  the  geometry  in  Figure  3 
for  the  case  of  an  isotropic  source  (beacon)  and  receiver.  The  expression 
(33)  is  a continuous  representation  of  the  mean  normalized  scattered  field 
from  the  surface  S and  was  derived  from  a continuously  distributed  field  over 
S.  The  implication  of  this  expression  for  <P>  is  that  the  most  significant 
contribution  to  the  mean  scattered  field  arrives  from  a region  concentrated 
about  the  specular  point  and  is  due  to  a point  source  located  at  the  image  source. 
The  replacement  of  (33)  by  the  discontinuous  expression  (37)  is  a bit  artificial. 
On  the  other  hand,  it  is  considered  only  as  an  approximation  to  (33)  for  practi- 
cal determinations  in  typical  applications,  and  should  be  valid  orovided  it  is 
used  within  the  assumptions  leading  to  its  derivation,  of  which  a major  assump- 
tion is  that  the  patch  size  is  large  in  comparison  to  the  wave  length  X.  Along 
with  the  approximation  (37)  goes  a re -interpretation  of  E^q  ^ should  now  be 
considered  as  the  free  space  voltage  field  at  the  receiver  (or  the  point  P in  the 
previous  analysis)  reflected  or  transmitted  by  the  image  source.  As  such,  it 
should  be  taken  as 
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where  R and  R_  are  defined  in  Figure  3,  and  A.  is  associated  with  the  power 
1 2 

of  the  transmitting  beacon.  In  light  of  the  above  remarks,  the  mean  scattered 
field  from  S (for  isotropic  transmitting  and  receiving  antennas)  is  taken  as 
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(43) 


In  reference  to  the  roughness  factor  F^  introduced  in  (40)  to  s cale  the 
diffuse  surface  reflections,  its  value,  given  in  the  literature  as 
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si 
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exp 


i = 1,2 


(44) 


is  theoretically  unproven.  This  however,  should  not  in  itself  preclude  its  use, 

as  it  was  logically  determined  in  an  effort  to  correlate  the  rough  surface 

scattering  theory  with  experimental  data  and  in  addition  accounts  for  both 

the  horizon  effect  for  a curved  earth  and  the  energy  reflected  specularly  at 

low  grazing  angles  from  tops  of  rounded  irregularities.  On  the  other  hand, 

very  little  experimental  data  exists  to  support  a general  use  of  this  specific 

roughness  factor.  The  experimental  measurements  program  developed  under 

this  contract  is  therefore  designed  in  part  to  validate  and  improve  (if  necessary) 
2 

this  choice  of  F^  . 
contrary 

1 This  modification  of  E20  applies  only  in  the  determination  of  <E2>and  not  in  the 
previous  determination  of(E2E2:':^  for  a very  rough  surface. 
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In  view  of  the  above,  for  the  case  of  isotropic  antennas  the  mean-scattered 
power  from  S at  the  receiver  is  given  as 
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if  the  specular 
ooint  is  on  the 
Patch 

otherwise 


where  P is  the  peak  power  of  the  transmitting  antenna.  To  obtain  equation  (45) 
from  the  previous  analysis,  replace  in  (9)  and  A^  in  (42)  by  their  values 
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2r  Y R . 

o 1 


, respectively.  Then  using  the 


resulting  expressions  for  E^q,  together  with  equation  (41),  the  mean  scattered 
power  from  the  surface  patch  S is  calculated  in  accordance  with  equation  (10). 


If  the  transmitting  and  receiving  antennas  have  different  power  gains, 
g and  g_,  respectively,  in  the  direction  of  the  surface  patch  S,  the  mean 

I w 2 

scattered  patch  power  is  determined  by  multiplying  (45)  by  X gj  g2- 

4rr 

Finally,  since  the  Fresnel  reflection  coefficient  R (\i)j)  is  theoretically  valid 
only  for  a planar  surface,  it  should  be  replaced  wherever  it  appears  in  the 
above  discussions  by  DR  (^j)  where  D is  the  divergence  factor  introduced  in 
Section  2.  2 to  account  for  the  earth's  curvature.  The  final  expression  for  the 
mean  scattered  patch  power  is  then 
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APPENDIX  D 


PHOTOGRAMMETRIC  SURVEY 

Orthophoto  maps  will  be  prepared  for  a strip  of  approximately  1 5,000  feet 
long  by  1 500  feet  wide  at  a scale  of  1"  = 100'  showing  contours  at  a vertical 

interval  of  one  foot.  The  orthophoto  map  enables  a photographic  image  to  re- 
place the  planimetric  information  contained  in  a conventional  line  and  symbol 
map  without  loss  of  accuracy  on  all  ground  level  detail.  The  maps  will  be 
prepared  as  follows: 

1 . Aerial  Photography 

Aerial  photography  will  be  acquired  along  the  proposed  strip  to  be 
mapped  at  a scale  of  1"  = 280'  using  a precision  six  inch  focal  length  mapping 
camera.  It  is  estimated  that  approximately  twenty  exposures  will  be  re- 
quired with  a nominal  60%  forward  overlap. 

?.  Horizontal  Control 

Sufficient  horizontal  control  will  be  established  on  the  ground  to  provide 
two  points  of  known  position  within  each  stereo  pair  (note  - a stereo-pair  con- 
sists of  the  overlapping  portion  of  two  consecutive  exposures). 

3,  Vertical  Points 

Two  lines  of  vertical  control  will  be  established  - one  line  along  each 
side  of  the  strip  to  provide  four  points  of  known  elevation  within  each  stereo 
pair. 


4.  Photogrammetr  ic  Compilation 

a.  Hypsography  (elevation  data) 

Using  a Wild  A-10  precision  stereo-compilation  instrument,  con- 
tours at  1.0  ft  vertical  intervals  will  be  plotted.  Where  contours 
are  in  excess  of  100  ft  apart  spot  elevations  will  be  plotted. 
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b.  Planimetry 


Concurrently  with  the  preparation  of  hypsographic  data,  a limited 
amount  of  planimetric  information  will  be  plotted.  The  photo- 
graphy will  be  enlarged  from  1"  = 280'  to  1"  = 100'  and  rectified 
to  fit  the  planimetric  detail  plotted  on  the  A- 10  instrument.  This 
produces  a photographic  image  where  all  ground  level  is  true 
to  scale. 

c.  Map  Sheets 

The  hypsographic  data  will  be  drafted  and  combined  with  the 
photographic  image  so  that  the  contours  appear  as  black  lines 
superimposed  on  the  photo  base.  Approximately  10  sheets, 

18"  x 24"  will  be  produced  for  each  mapping  area. 

Accuracy 

Horizontal 

90%  of  the  planimetric  detail  at  ground  level  will  be 
within  +1/40"  of  its  true  position  at  map  scale  relative 
to  any  other  point  of  detai',  and  no  point  pair  shall  be 
in  error  by  more  than  1/20". 

Vertical 

90%  of  all  contours  will  be  accurate  to  within  0.  5 ft 
of  their  elevation  with  respect  to  map  datum  and  no 
contour  will  be  in  error  by  more  than  1.  0 ft. 

90%  of  spot  elevations  will  be  accurate  to  within  0.  25  ft 
of  their  elevation  with  respect  to  map  datum  and  no  spot 
elevation  shall  be  in  error  by  more  than  0.  5 ft. 

Map  Datum 

Arbitrary  vertical  and  horizontal  datums  will  be  used. 
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EFFECTS  OF  TROPOSPHERIC  DISTURBANCES 


In  order  to  obtain  some  idea  of  the  order  of  magnitude  of  the  effects  of 
tropospheric  disturbances , a Ratheon  developed  computer  program,  Raytrace 
(developed  for  another  project fwas  run  using  an  actual  measured  vertical 
profile  of  varying  refractive  index.  This  profile  was  chosen  from  a large  number 
of  such  profiles  to  represent  a rather  severe  deviation  from  the  normal,  such  as 
might  occur  near  the  ocean  no  more  than  a third  of  the  time.  This  test  profile  is 
shown  in  Figure  E-i  , together  with  the  standard  profile  normalized  to  the  same 
ground  point  value.  The  Ng  numbers  along  the  horizontal  axis  represent  the 
amount  by  which  the  index  of  retraction  ( n ) exceeds  that  of  a vacuum:  Ng  = 

(n  -l)xl06  (e.g.,  if  the  index  of  refraction  is  1.C00250,  Ng  = 250  ).  Notice 

that  at  A there  is  an  inversion  in  the  slope  of  the  measured  curve  as  compared 
with  the  normal  curve  and  that  at  B the  slope  is  in  the  normal  direction  but  very 
much  steeper  than  normal  (i.e.  , Ng  changes  more  for  a given  small  change  in 
altitude).  An  inversion  causes  generally  horizontal  propagation  paths  to  be  con- 
cave upward  and  so  brings  the  horizon  (tangent  point)  closer  than  the  geometric 
(straight-line  propagation)  horizon,  as  shown  by  curve  A in  Figure  E-2 
Gradients  in  the  normal  direction  (index  of  refraction  decreasing  with  increasing 
altitude)  result  in  propagation  paths  that  are  convex  upward.  If  their  radius  of 
curvature  is  greater  than  the  earth's  radius  (plus  one-half  the  antenna  height) 
then  the  horizon  (tangent  point)  is  further  away  than  the  geometric  horizon,  as 
shown  by  curve  B in  Figure  E-2  . If  their  radius  of  curvature  becomes  less 

than  the  earth's  radius,  there  is  no  tangent  point,  and  the  definition  of  horizon" 
becomes  questionable.  Long  before  that,  however,  the  theoretical  horizon  would 
have  moved  so  far  away  that  the  disturbed  tropospheric  gradient  which  gave  rise 
to  the  assumed  curvature  could  no  longer  be  expected  to  prevail. 

For  the  Raytrace  runs,  it  was  assumed  that  the  transmitter  and  receiver 
heights  were  300  and  4 meters,  respectively,  and  that  the  baseline  distance  was 
such  that  the  elevation  angle  of  the  transmitter,  from  the  receiver,  would  be 
2 1/2°,  looking  along  the  curved  path  corresponding  to  the  chosen  tropospheric 

conditions.  Two  conditions  were  chosen: 

* See  Reference  13. 
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Ha  = DISTANCE  TO  HORIZON  FOR  CONDITION  A 

Hg  = DISTANCE  TO  GEOMETRIC  (STRAIGHT-LINE)  HORIZON 

HR  = DISTANCE  TO  HORIZON  FOR  CONDITION  B 


Figure  E-2.  Effect  of  Ray  Curvature  on  Horizon  Distance 


Condition  A:  The  disturbed  profile  of  Figure  E - 1 was  used 
as  shown,  so  that  the  direct  and  reflected  propagation  paths  were 
mostly  confined  to  the  region  of  the  inversion,  around  point  A. 

Condition  B:  The  disturbed  profile  of  Figure  E - 1 was  assumed 
to  have  drifted  downward  so  that  the  propagation  paths  were  con- 
fined to  the  region  of  steep  slope,  around  point  B. 

Condition  A resulted  in  a horizon  distance  of  about  5,6  kilometers  from  the 
receiver  as  compared  with  a geometric  horizon  at  7.  15  kilometers  or  a "four- 
thirds  earth"  standard  profile  horizon  at  8.25  kilometers.  The  receiver-to- 
transmitter  baseline  distance  was  6.7  kilometers.  Condition  B resulted  in  a 
no-tangent  curvature  and  a baseline  distance  of  6.  8 kilometers. 

The  geometry  of  the  simulation  is  shown  in  the  inset  at  the  top  of  Figure 
E - 3 .A  number  of  reflection  points  were  chosen  and  the  path  lengths, 

Tq,  Tj,  and  r^,  with  the  assumed  disturbed  gradient  profile  were  computed, 
as  well  as  the  corresponding  straight-line  path  lengths.  The  differences, 

Ar^,  Af|»  and  A^,  were  used  to  calculate  the  error  in  the  difference  between 
the  times  of  arrival  of  the  direct  and  reflected  pulses: 

ERROR,..  = ^rl+^r2"^rD  (in  nanoseconds) 

time  S3 

The  resolution,  curves  of  Figure  16,  corrected  for  baseline  distance,  provided 
the  approximate  sensitivity  of  range  to  time  difference,  as  a function  of  ground 
distance,  Dj.  The  sensitivity  at  each  range  multiplied  by  the  time  error  gave 
the  corresponding  range  error.  These  errors  are  plotted  in  Figure  E - 3 . 

Note  that  the  errors  as  plotted  are  those  that  would  result  from  assuming 
straight-line  signal  paths  instead  of  the  curved  paths  which  actually  result  from 
conditions  A and  B.  The  data  reduction  procedure,  however,  assumes  the  cur- 
vature associated  with  a four-thirds  earth  model  corresponding  to  the  standard 
gradient  profile  which  is  in  the  direction  of  condition  B.  Hence,  for  condition 
A the  errors  would  be  somewhat  larger,  and  for  condition  B they  would  be  some- 
what smaller,  than  those  shown  in  Figure  E-3.  Overall,  the  maximum  absolute 
error  for  both  conditions  would  be  well  under  50  meters. 
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THE  STILWELL  PROCESS 

1.  Optical  Fourier  Transform  Photography 

A photograph  of  the  sea  surface  may  be  utilized  to  obtain  a quantitative 
measure  of  the  two-dimensional  wave  slope  power  spectrum  density.  If  the 
skylight  incident  on  the  sea  surface  is  a slowly  varying  function  of  zenith  and 
azimuth  angles,  then  the  light  reflected  from  the  surface  to  an  aerial  camera 
will  be  intensity  modulated  bv  the  sea  surface  slope  structure.  To  the  first 
order  the  reflected  light  intensity,  which  is  a function  of  the  water  reflectivity, 
will  be  proportional  to  the  local  value  of  sea  slope.  The  fundamental  principle 
of  wave  to  photographic  image  transfer  is  illustrated  in  Figure  F-l.  In  A is  shown 
the  functional  relationship  between  the  local  slope  angle  a and  the  corresponding 
image  point  in  the  film  emulsion  given  by  Curve  B is  the  water  reflectivity 
p (a)  and  dictates  the  point  value  of  reflected  light  intensity  for  a given  a (or  Q). 

If  the  incident  skylight  is  of  uniform  value  Iq  over  the  camera  field  of  view,  then 
the  light  exposing  the  film  is  I T (a).  Curve  C is  the  film  characteristic 
curve  (Hurter-Driffield  curve)  which  relates  photographic  density  D to  the  log  of 
exposure.  Exposure  is  proportional  toI0r(a).  The  outcome  relationship  between 
density  and  Q is  illustrated  in  D.  Here,  the  density  as  measured  by  a scanning 
microdensitometer  is  functionally  related  to  the  slope  angle.  Treating  the  de- 
veloped film  negative  as  a diffraction  grating  and  applying  coherent  optical  signal 
processing  methods  will  yield  a two-dimensional  power  density  spectrum.  Alter- 
natively, the  sea  negative  density  record  may  be  digitized  and  the  spectrum  com- 
puted by  FFT. 

2.  Experimental  Procedure 

The  technique  requires  no  special  camera  system.  Conventional  camera 
and  optics  such  as  a 35  mm  Nikon  with  50  mm  lens  for  wavelengths  in  the  range 
of  3 cm  to  1 meter  and  at  a stationary  camera  height  of  19  meters  above  the 
surface  have  been  used  for  the  study  of  spectral  trends.  ^ A K-17  aerial  camera 


(1)D.  Stilwell,  "Optical  Analysis  for  the  1971  ARPA  Tower  Experiment," 
Naval  Research  Laboratory,"  Report  7445,  May  12,  1972. 
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with  12"  focal  length  lens  has  been  used  to  study  long  wavelength  spectra.  The 
camera  was  at  an  altitude  of  1500  feet  mounted  in  a DC- 3 and  was  not  image 
motion  compensated.^^  Ocean  swell  wavelengths  of  366  meters  and  propagation 
direction  have  been  measured  from  Apollo  7 space  photography.  A 70  mm 
Hasselblad  camera  with  an  80  mm  planar  k s and  loaded  with  SO  - 368  film 

(3) 

was  used.  Measurement  of  very  short  waves  of  the  order  of  1 cm  and  less, 

called  capillary  waves,  involves  special  considerations.  This  is  because  of 

their  excessive  slopes  and  propagation  characteristics.  Slopes  are  greater 

than  14°  and  may  be  nearly  vertical,  and  propagation  occurs  at  about  25 

cm/sec  in  all  directions.  Effective  very  low  altitude  photography  of  capillary 

(3) 

waves  requires  an  exposure  time  approximately  1/500  sec  and  a skylight 

(4) 

luminance  rapidly  varying  with  zenith  angle.  ' ' Exposure  latitude  is  now  more 
critical  and  consequently  depth  of  field  must  be  carefully  considered  if  the 
gravity  wave  heights  exceed  about  1 meter.  Vertical  photographs  of  the 
sky  using  a fisheye  lens  for  skylight  luminance  calibration  are  now  required. 


For  wind  speeds  in  excess  of  12  meters/second,  fractional  whitecap 
coverage  becomes  sufficiently  great  to  preclude  useful  photographs  for  optical 
analysis.  Significant  haze  level  may  also  preclude  useful  photography. 

3.  Information  Content  of  Sea  Photographs 

Optical  analysis  of  the  sea  photograph  negative  or  diffracting  grating 
yields  the  power  spectral  density  (or  Fourier  transform)  of  the  normal  angle  of 
the  surface  (local  normal  zenith  angle)  as  a function  of  directional  wave  numbers. 
The  wave  height  spectrum  and  wave  slope  spectrum  may  be  derived  from  the 
normal  angle  spectrum. 


(2) 

"Space  Geodesy  Aircraft  Experiment,"  Raytheon  Company  Equipment  Div.  , 
Wayland,  Mass.  , NASA  Contract  NASW  1932  Final  Report. 

(3) 

V.  E.  Noble,  "Ocean  Swell  Measurements  from  Satellite  Photographs," 
Remote  Sensing  of  Environment  1 (1970),  p.  151-154. 

(4)  . 

Directional  Wave  Spectra  From  Daylight  Scattering  (Ref  8) 
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The  mean-square  wave  height  is  determined  by  integrating  the  two- 
dimensional  wave  height  spectrum  over  all  wave  number  space.  The  mean- 
square  slope  spectrum  for  radar  analysis  is  found  by  integrating  the  two- 
dimensional  wave  to  slope  spectrum  over  all  wave  number  space.  The  slope 
of  the  sea  has  been  found  to  be  much  more  sensitive  and  instantaneously  re- 
sponsive to  the  wind  speed  than  is  the  wave  height. 

4.  JONSWAP  2 

Raytheon  is  presently  involved  with  capillary  wave  spectrum  measure- 
ments in  the  North  Sea  using  the  optical  Fourier  transform  technique.  These 
measurements  are  part  of  the  Joint  North  Sea  Wave  Project  (JONSWAP)  to 
study  the  energy  balance  of  the  overall  wind  wave  spectrum  which  is  character- 
ized by  a strong  energy  transfer  from  long  waves  to  short  waves.  Results  of 
this  study  will  provide  a unique  opportunity  to  evaluate  the  technique  against  a 
number  of  alternative  measuring  techniques  including  laser  instruments  and 
capacitance  probes.  JONSWAP  is  an  international  joint  air-sea  interaction 
program  sponsored  by  the  Scientific  Affairs  Division  of  NATO. 

Raytheon  has  been  under  contract  with  NATO,  NOAA  and  NASA  for  sup- 
port in  JONSWAP. 
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APPENDIX  G.  DATA  PROCESSING 


Introduction 

A system  is  described  here  for  processing,  displaying,  and  recording 
the  received  signal  due  to  reflection  from  a glistening  surface  as  described 
in  Section  3.  Provision  will  be  made  for  displaying  and  recording  the  average 
signal  within  a time  resolution  cell  of  1 nanosecond.  Circuitry  is  included 
within  the  system  to  present  the  data  as  a function  of  time  or  as  a function  of 
ground  range  between  receiver  and  transmitter. 

The  basic  measurement  is  made  by  sampling  the  video- detected  received 
signal  with  a sampling  gate  that  has  an  extremely  narrow  acquisition  time.  One 
sample  will  be  taken  each  pulse  period.  The  beginning  of  each  pulse  period  is 
to  be  indicated  (initiated)  by  the  reception  of  a direct  path  signal.  Samples  will 
be  taken  at  times  measured  from  the  occurrence  of  the  direct  path  pulse.  In 
order  to  obtain  video  integration,  as  may  be  required,  a predetermined  number 
of  samples  will  be  made  during  each  time  slot.  The  time  will  then  be  incre- 
mented in  a predetermined  fashion  and  an  equal  number  of  samples  will  be  taken 
at  this  new  time.  This  process  will  be  continued  until  the  entire  video  signal 
has  been  sampled. 

A sampling  oscilloscope  will  be  used  to  perform  the  sampling  function 
and  to  provide  a display.  It  will  be  modified  to  permit  video  integration  as 
described.  In  addition,  the  time  base  (X-axis)  will  be  modified  so  that  the 
display  can  indicate  average  signal  versus  either  time  or  distance.  Circuitry 
will  be  included  to  record  magnetically  the  sampled  signal  data  as  well  as  the 
receiver  antenna  beam  pointing  information,  transmitter  location  data,  and 
verbal  comments. 

Sampling  Technique 

Sampling  oscilloscopes  produce  a point-by-point  replica  of  fast  repetitive 
waveforms.  The  basic  procedure  is  to  sample  the  repetitive  waveform  once 
each  pulse  period  and  hold  or  store  each  sample  until  the  next  sample  is  taken. 
Successive  samples  are  made  slightly  later  in  time  until  the  entire  waveform  has 
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been  sampled  at  least  once.  The  technique  requires  that  the  time  between  samples 
be  equal  to  the  pulse  period  augmented  by  a time  increment  small  enough  to 
permit  observation  of  the  most  rapid  variations  in  the  waveform  to  be  measured. 
This  technique  permits  the  use  of  comparatively  low  frequency  methods  to 
observe  high  frequency  phenomena. 

The  timing  of  the  sampling  strobe  is  accomplished  as  depicted  in 
Figure  G-l.  A trigger  is  established  at  the  PRF  from  the  detected  direct  signal. 
This  trigger  causes  a linear  ramp  to  run  up.  The  linear  ramp  is  compared  to 
a reference  signal.  When  the  two  are  equal,  the  sampling  strobe  is  initiated, 
the  reference  signal  is  increased  a predetermined  amount  and  the  ramp  is 
reset.  The  next  trigger  starts  the  ramp  again,  the  comparison  initiates  the 
strobe,  again  the  reference  signal  is  increased  and  the  ramp  is  reset.  As 
this  continues  the  reference  voltage  increases  in  *teps,  each  step  being  used  for 
ramp  comparison  and  for  horizontal  displacement  on  the  oscilloscope  display. 

When  the  reference  reaches  maximum  horizontal  displacement,  it  is  set  to  zero 
and  the  whole  p/ocess  is  repeated. 

Modification  to  Sampling  Oscilloscope 

Figure  G-2  is  a block  diagram  of  the  Hewlett-Packard  sampling  oscilloscope. 
The  two  blocks  connected  by  dotted  lines  are  those  which  will  be  modified  or 
added  for  the  multipath  equipment  (Scan  Generator  and  Integrator). 

Scan  Generator 

It  was  shown  above  that  the  time  between  the  trigger  and  the  strobe  is 
determined  by  comparing  a linear  ramp  with  a staircase  reference,  the  height 
of  each  staircase  step  determining  the  position  of  the  corresponding  strobe. 

By  keeping  the  reference  constant,  the  strobe  can  be  made  to  occur  at  the  same 
time  after  a number  of  triggers.  By  linearly  incrementing  the  reference, 
successive  strobes  can  be  made  to  occur  at  linearly  increasing  times.  In 
general,  by  suitably  shaping  the  staircase  it  is  possible  to  vary  the  strobe 
positioning  as  desired.  Therefore,  by  properly  modifying  the  staircase,  it 
will  be  possible  to  provide  video  integration  as  required,  as  well  as  to  sample 
in  any  predetermined  sequence  (e.  g.  , equal  increments  of  ground  range). 
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Figure  G-3  shows,  in  block  diagram  form,  one  possible  way  of  doing  this. 
The  strobe  from  the  comparator  will  be  fed  to  a "divide  by  N"  circuit,  the 
value  of  N determined  by  the  number  of  samples  to  be  integrated,  as  selected 
by  a front  panel  selector  switch.  The  output  pulses  from  the  divider  will  then 
lie  counted.  The  count  thus  obtained  will  be  used  to  address  a programmed 
read-only-memory  (PROM)  which  will  in  turn  produce  a sequence  of  binary 
words  which  when  fed  to  the  D/A  converter  will  give  the  proper  levels  for  the 
reference  voltages  used  in  the  comparator  to  produce  successive  strobe  pulses. 
As  many  PROM's  may  be  used  as  staircase  shapes  desired.  The  particular 
PROM  to  be  used  will  be  selected  by  a front  panel  selector  switch. 

Integrator 

The  integrator  (Figure  G-4)  will  take  its  input  from  the  stretched  sample 
(held  voltage).  Since  it  is  necessary  to  convert  the  analog  signal  to  a digital 
word  for  recording  this  can  be  done  at  once,  thus  simplifying  the  integrator 
circuitry.  When  the  proper  number  of  pulses  have  been  summed,  the  shift 
register  delay  is  connected  to  the  ENCODING  circuit  for  recording  and  D/A 
converted  for  use  as  the  vertical  signal  on  the  oscilloscope  display. 

Recording,  Timing,  etc.  (Figure  G-5) 

It  is  suggested  that  a digital  magnetic  tape  recorder  be  used  to 
record  the  data  obtained  in  this  experiment.  The  advantage  of  having  the 
data  recorded  in  a form  that  can  be  used  directly  by  a computer  should  prove 
beneficial  in  the  data-analysis  phase  of  the  program. 

The  data  to  be  recorded  includes  receiving  antenna  position,  transmitting 
antenna  location,  and  the  reflected  signal  strength  information  obtained  as 
previously  described.  In  addition,  file  and/or  record  keeping  words  must  be 
introduced  for  identification  as  needed  in  the  analysis  and  it  may  be  desirable 
to  provide  for  recording  verbal  comments.  Start  and  stop  recorder  commands 
must  also  be  generated. 

To  accomplish  this  with  no  loss  of  data,  the  following  sequence  will  be 

used: 
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First,  the  receiver  and  transmitter  antenna  positions,  file  number, 
and  record  number  will  be  stored  in  a register.  The  detected  PRF  (trigger) 
will  be  used  to  clock  this  information  into  the  register. 

The  completion  of  this  task  will  be  indicated  by  counting,  whereupon 
the  sampling  of  data  will  take  place.  The  sampled  data  will  be  stored  in  the 
same  register.  However,  the  sampling  strobe  will  be  used  to  clock  the  register 
during  this  time. 

When  all  samples  for  a complete  scan  in  range  have  been  taken,  the  counter 
will  indicate  a predetermined  number,  and  a sequence  to  empty  the  full  or  nearly 
full  register  will  begin.  The  recorder  will  be  started  and  the  sampling  counter 
reset  to  zero.  When  the  recorder  is  up  to  speed,  it  will  so  indicate  and  a register 
read-out  clock  will  be  initiated.  This  clock  will  transfer  the  data  stored  in  the 
register  to  the  tape  recorder.  The  counter  will  keep  track  of  the  clock  and  when 
the  register  is  empty,  the  recorder  will  be  stopped,  the  counter  reset,  and  the 
logic  prepared  for  a new  cycle. 

If  verbal  comments  are  to  be  entered,  a front  panel  selector  switch 
will  be  set  accordingly,  and  the  up-to-speed  indication  will  then  cause  a 
COMMENT  indicator  light  to  be  lit.  At  the  end  of  the  verbal  comment  input, 
a manual  pushbutton  will  initiate  the  register  read-out  clock. 

A typical  format  for  one  complete  record  will  appear  as  follows: 

1.  Verbal  Comment 

2.  File  Identification  Number 

3 Record  Identification  Number 

4.  Receiver  Antenna  Azimuth  Angle 

5.  Receiver  Antenna  Elevation  Angle 

6.  Transmitter  Azimuth  Angle  ^as  seen  from  the  receiver  or  from  an 

7.  Transmitter  Elevation  Angle  [observation  post  of  known  location 

8.  Transmitter  Range 

9.  Spare 

10.  Spare 

11.  Sampled  Data 

I I 

I I 

I I 

I I 

1000.  Sampled  Data 
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